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Those who are already acquainted with the science of meteorology will 
need no words of mine to show that the greatest shore of whatever value 
book may contain comes from my having studied and followed the work of the 
late Professor William Perrel of Washington. To his remarkable insight and 
ingenious analysis we owe tlie best imrt of the understanding of general 
atmospheric processes that lias yet been reached. Those who here jSrst come 
to know something of the science of the atmosphere, and who are perhaps thus 
brought to desire furtlier acquaintance with it, should not fail to study Perrel^s 
Popular Treatise on tJie Winds, in which his more inatliomatical essays ore 
reduced to a simpler fonn. 

Yet after Ferrel, an almost equal indebtedness must Ims acknowledged to 
Professor Julius Hann of Vienna, from whoso broad and accurate studies I 
have found assistance at every tura. His KLimatoloyie, the standard work of 
the kind, and his numerous special articles, have furnished me with much 
information as well as with many woll-ilefined examples of meteorological 
conditions and processes. 

The niuncB of many other meteorologists to whom tioknowlodgmont is due 
come to mind while revising the pages of this book, which presents the 
condensed results of my i*oading, observing and k'a(Jung during the last fifteen 
years. Some of tliese names are mentionod on the appropriate pages, but in 
general I have not attempted to make explicit roferonoo to the sources of 
information that have been c-oiisulted, believing that in a school liook, os this 
is primarily intended to b(^, such roforoncoH are not of miicli value, especially 
as they too commonly lead to Hources of infonnatiou inacoossible in school 
libraries. A personal acjknowlodgment must, however, bo made here to Mr. 
H. H. Clayton, of the J^ilue Hill Observatory, and now local forocast ofBcinl 
of the Weather Bureau at Boston, for his assistiiiKM^ in connection with the 
chapter on clouds ; to Mr. Al(»,xiindcu* McAdio, of the Weather Bureau in 
Washington, for his advice in the sections on atmospheric electricity; and 
to Mr. R..,DeC. Ward, successor of Professor PTarrington as editor of the 
Am&i'wan Meteorological Jcnvmal, for many suggestions in connection with the 
teaching of meteorology, in which ho lias for some years been associated with 
me in Harvard College. 
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There are oeitain books to 'vrhioh the teacher and the mdependent stndent 
should, if possible, have aooesB. Besides the works by Ferrel and Harm, 
above named, the list should include Abercrombie’s Weather (Hew York, 1877), 
Blanford’s Clvmatea and Weather of India (London, 1889), Buchan’s article on 
Meteorology in the ninth edition of the Jdnoyclopedia Britannica^ and his essay 
on Atmospheric Circulation, with its elaborate series of isothermal and isoboric 
charts for every month in the year, in a volume of the report on the Challenger 
Expedition (London, 1889 — unfortunately, only a small edition of this great 
work has been published, and its cost is comparatively high), Eliot’s Ha/ndhooh 
of Cyclones in the Bay of Bengal (Calcutta, 1890), Greely’s Ameri^n Weather 
(Hew York, 1888), Scott’s Elementary Meteorology (London, 1886), Sprung’s 
LehHmeh dor Meteorologie (Hamburg, 1886 — the best elementary mathematical 
statement of the subject), and Waldo’s Modem Meteorology (New York, 1893). 
The meteorological section of Berghaua’ Bhysisohe Atlas (Gotha, 1887), will 
be‘ found of much assistance. Abbe’s translation of foreign meteorological 
memoirs, recently published by the Smithsonian Institution, will be useful 
to those who are proficient in mathematical physios, as indicating the 
direction of advanced research in meteorology \fy the best European investi- 
gators. 

The current progress of meteorology can be best followed by reading the 
Metearologisohe ZeUsehrift (Berlin), which contains valuable original essays 
and a full bibliographical review of the science ; or the American Meteorological 
Journal (published by Ginn &; Co., Boston), which, although less extended 
than the Gorman journal, is more serviceable and accessible to teachers in this 
country. Those who intend to maintain regular meteorologioal records should 
apply to their local state weather service or to tlie national Weather Bureau 
at Washington for instructions as to the exposure and observation of their 
instruments. Hazen’s Eandbooh of Meteorologioal Tables (Washington, 1888), 
or the more extended Smithsonian Meteorologioal Tables (1893) will be found 
useful in the reduction of observations. 

It is expected that students who follow this book in the later yeai's of a 
high-sohool course or in the earlier years of college study, shall already have 
had an elementary course in physios, such as all high schools should provide \ 
and that they shall have had in younger school-years a general ooquaiiitauoe 
with the facts of weather changes that are illustrated on the daily weather- 
maps issued by our national Weather Bureau, as recently recommended by the 
Conference on Q^graphy of the National Educational Association (1893). 
If these maps have not been previously studied, they should he secured by 
aj^plication to the central ojfflce of the Weather Bureau at Washington, or 
from tlie neai*est map publishing office, and utilized after the manner described 
in Section 319. In any case, the maps are of much service in aiding the 
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understanding of local ‘weather changes in their relation to the more general 
processes of the atmosphere. 

In the use of the book, the teacher should frequently direct the attention 
of students to the continuity of ai*gument by ■which the whole subject is bound 
together, and to the contrasts between inductions based on extended obscrynr 
tion, and deductions based on accepted physical laws. Tlie latter os well os 
the former must be carefully considered by those who would gain an appre- 
ciation of the present position of the science and who would derive the best 
mental training from its study. As an aid in acquiring a general view of the 
subject in its educational aspects, teachers may refer to an article by the 
author on “ Meteorology in the Schools, in the A7}ierican Meteowlof/ical Jmimal 
for May, 1892. 

It should be noticed that the more important general conceptions, such as 
the antiugemcnt of isobaric surfaces, or the veiijical temperature gradient, are 
gradually introduced; at first in their simplest form, and later in greater 
complication. The all-iinpoi*taut process of convection is illustrated in local 
examples, with pai'tioular definition of the ooiiditioiis of its occurrence, in 
Chapter III ; then in a larger way for tlio eartli as a whole in Cha])ter VI ; 
and, finally, tlie aid given to tlie process by the condensation of wat<3r vai)or is 
added in Chapter IX. The exjdonation of the gencival circulation of the 
atmosjjhere by simple convection in Chapter VI is found to need a sui>ple- 
ment (the deflective force of the earth^s rotation) at first uiqKjrcoived in the 
deductive statement of tlie jiroblcm ; and thus a useful lesson is given in the 
impoitence of confirining deducitive cxphuiations by contimuilly confronting 
their consequences witli the facts of observation. This lesson is repeated in a 
somewhat different fonn in Chapter X. On i)ei*cciving the similarity in tlie 
ai'giunents of those two chapters (Section 230) niiicli confidouoo may Ik) phuMtd 
in the amended couvectionol theory ; but another wholesome lesson is taught 
on discovering that onr extrortropiool cyclones are not even yet oortainly 
explained. A useful exercise in the suspciiflion of jndgmout is hero gained in 
holding the mind oi)en for further evidence befon^ scuttling down upon a 
conviction as to the share that one process or another has in tlieir origin. 

Although ])rimanly intended m a text-book for iis(» in schools and colleges, 
it is believed that a more advanced chiss of r(‘adei*s may find the book of value. 
The needs of the ol)S(U'vers of the national and the stete wcatlicr-sorviocs have 
in ])arti(jular been Lome in mind. Tt has Ikmui constjintly my effort to discuss 
the subjecjt in a rational manner, rather than to employ tlie cmi)inonl form 
of statement which is necessarily iuIo])ted in the official instructions to 
observers. It is intended to make (iareful distinction between vague sug- 
gestion and carefully tested theory ; the one baaed on insuftioient observations 
and offered witli little regard to well-detemined physical laws ; the other 
based on broad generalizations, constructed with careful regard to the teachings 
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of pliysioa, confronted at every turn with such facts as may serve to 
estimate its value. A logical oombination of the vaxious mental processes 
called on. in caoreful theorizing is regarded as essential to the progress of the 
soienoe of meteorology in contrast with the simple aocumulation of unrea- 
soned &ot8. A precise description and a legitimate generalization of the facts 
of observation stand together on the inductive side of the study 5 an alert 
imagination is needed in deducing combinations of known physical conditions 
1^ which the facta may be explained ; and a critical judgment is called on in 
deciding how fully the proposed explanations may be accepted. The study of 
the movements of the atmosphere, both general and local, affords an excellent 
opportunity for the exercise of these mental processes, to whioh mature readers 
are urged to give close attention. It is also hoped that the emphasis here 
given to the classification of the winds according to causes and to the explana- 
tion of the non-periodic weather elements of oyolonio origin may lead practised 
observers to prepare original descriptive accoimts of phenomena under these 
and similar hea^gs, in whioh, after the foots are carefully determined, the 
causes shall be duly considered. Observant students of meteorology, w^ll 
informed on the present condition of the soienoe, must find innumerable new 
illustrations of atmospheric processes over the vast ai*ea of our varied country ; 
and it is extremely desirable that essays on these subjects should be published 
either by the observer's local state weather service, or, better, in the Amerioa/t^ 
Meteorological JownuU^ where they will have a wider oiroulation. We shall 
thus come to leam if the expected local oonveotioual clouds occur over the 
sand bars of the Oarolina coast in quiet summer weather ; if the deep valleys 
on the western slope of the Sierra Nevada in California furnish nocturnal 
breezes to the plain on which they open ; if the lofty plateaus of Arizona 
produce an occasional cold blast of the bora typo in winter ; and if tornadoes 
ooour distinctly within the area of warm southerly winds as well as near their 
western margin. We shall have local studies of the variation of rainfall over 
small areas, of the control of the wind by the topography, of the amount of 
dewfall, and of the proper “safety limit” for the prediction of frost. A 
fresh fund of local illustrations will thus bo supplied, whioh will be found 
invaluable by teachers in supplementing their texts. 


Harvabd Collbgb, 
CiJCBRiDaE, Mass., Angost, 1808. 


W. M. DAVIS. 
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CHAPTER I. 

THE QENEBAIj BM4ATIONB OF THE ATMOSFHEBE. 

1, The subject of meteorology. We dwell ou the surface of the land ; 
we sail across the surface of the sea ; but we live at the bottom of the atmos- 
phere. Its changes pass over our heads ; its continual fluctuations control 
our labors. Whether our occupation is indoor or out, on laud or at sea^ we 
are all more or less influenced by changes from the clear sunshine of blue 
skies to the dork shtulows under clouds ; from the dusty weather of droughts 
to the rains of passing storms ; from the ouervating southerly winds to the 
bracing currents from the north. Few persons fail to raise some question 
now and then concerning the causes and processes of these changes ; some 
inquire more earnestly, desiring to inform themselves mvrofully on the subject. 
Fo school study suggests more frequent questions from scholars, or allows 
more educative replies from teachers than meteorology, the science of the 
atmosphere. 

It is the autlioi*^s intention in preparing this book to pla(‘C before both 
readers and students an outline of what is now known in the domain of 
meteorology ; to give a condensed account of tlie present condition of the 
science, without too much technioal language or argumentative demonstration. 
All available sources of information have boon drawn upon in the efEort to 
make the various chapters represent the position of the modem meteorologist. 

2. The plan of this book may be concisely stated. The origin and uses of 
the atmosphere are first opiisidorod, with its extent and arraiigcniont around 
the eartli. Then, as the winds depend on differences of temperatum over the 
world, the control of the temporaturo of the atmosphere by the sun is dis- 
cussed, and the actual distribution and variations of tmiiperature are examined. 
Next follows an account of the motions of the atmosphero in the general and 
local winds ; in the steady trades of the torrid zone and in the variable 
westerly winds of our latitudes. The inoirituro of the atmosphere is then 
studied with regard to its origin, its distribution and its condensation into 
dew, frost and clouds. After this, wo are led to the discusHion of those more 
or less frequeut disturbances which we place together under the name of 
storms ; some of thorn being large, like the great cyclones or areas of low 
pressure on our weather mai)8 ; some of them very small, like the destructive 
tornadoes. The effect of these storms and of other processes in tlie preoipito- 
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tion of moisture as ram, snow and hail is next considei*ed. Closing oliaptors 
are then given to the sucoeBsion of atmospheric phenomena that ordinarily 
follow one another, on which our local variations of weather depend, together 
with some account of weather prediction; and another on the roourront 
average conditions that we may expect in successive seasons, re])oatod year 
after year, which we call climate. 

3. Meteorology as a hranch of physics. All the conditions and X)honomona 
of the atmosphere are illustrations of the principles of physios. The proper* 
ties of gases and vapors, and the laws of heat and motion are hero exemplified 
on a great scale, vastly larger than that usually considered in laboratory ox- 
periments ; but the difference of scale does not in any way affect the ap 2 )li(Ui* 
tion of physical laws. 

It is therefore essential that the student should have at least a fair 
elementary knowledge of physics, gained if possible from labonitory experi- 
ments as well as from the study of text-books, before entering on the Hubje<!t 
of meteorology. If any sneh terms as the following are not prooisely under- 
stood, they should be carefully studied again in a good book on pliysicjs as 
they are encountered in these pages : mass, volume, density ; iiuniiin, force, 
velocity, rotation, centrifugal force; gravitation, gravity, weight; atom, 
molecule; solid, liquid, gas; expansion, heat, temperature, specilhi heat, 
latent heat. 


Oeigin of thb Atmosphsiubi. 

4. Relation of the earth to the other planets. The atinosplioro, chielly a 
mixture of nitrogen and oxygen, is thought to be a thin nunaiiidor of a (nuui 
much larger volume of denser gases and vapors. Our undorHtanding of tluK 
comes best by looking into the early history of the earth and the otlic^r planots 
that accompany the sun. All these planets are nearly Hi)hcrioal l) 0 (li(‘H, 
rotating as far ^ known from west to east and moving around thtur orbits in 
the same direction. Most qf them are accompanied by one or more satcdliti's, 
revolving ag^ in the same direction. The aim turns on its axis in tfic sumo 
way as the planets revolve around it. 

TCs^blances among these bodies aie indeed so mimoroiiH and ho strik- 
ing that it has come to bo generally believed that the matter of which they 
^ composed w« once scattered thinly through an enormous si.,mio, making a 
^ dond or neiula, smulax to varions nebulas that may still h« hooh by tho 

TT together of 

atKint its center produced the sun, whito the i.lanets 

r^t sZ^iSte ® 8-naller amounts of matter 

Jewels '•1'- 

servable is regarded as a common inheritance from the slow turning of tlie 
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original nebnla from whioli the solar system is supposed to have been eyolved^ 
and this theory of the origin of the sun and the planets is consequently called 
the TheiAdar hypothesis. When the scattered parts of the early nebula were 
gathered together, the larger bodies that they formed are believed to have 
possessed an excessively high temperature. The sun, being the largest of all, 
still retains much of its primitive heat. The earth, being smaller, has now 
cooled to a low temperature on its surface $ a large amount of heat is, however, 
still retained within the earth. 

5 . Evolution of the atmosphere. In the early youth of the eaxth, when 
according to the hypothesis its surface temperatures were high, many sub- 
stances that might later be condensed at lower temperatures in the liquid 
ocean or the solid cnist, would then exist in the atmosphere. Such on atmo<^ 
sphere would be dense and vaporous 5 heavy clouds would hang in its upper 
layers, and drenching rains would fall towards the glowing earth, only to be 
boiled ofE again as they apju'oached it ; until at last by a long process of 
slow cooling tlirough untold ages, more and more condensation would take 
place, reducing the volume of the atmosphere to moderate measures, when only 
a small share of its original moss would remain. Changes of this kind would 
take place faster on the smaller i>lanots, slower on the larger ones \ and this 
seems to be the fact in our own system. The moon, a comparatively small 
body, appears to have lost all its atmosphere. Jupiter, much larger tluui the 
earth, appears still to possess a very cloudy atmosphere ; and from the great 
brightness of this jdanet, astronomers have l)eoii led to supi)0B0 that its body 
is still so hot 08 to be somewhat luminous. The sun, viistly larger tlian any 
of the planets, still retains on atmosphoro of great volume at excessively high 
temperatures, which its small neighbors have long ago lost. 

Our earth occupies on intermediate iKDsition. Some of the more volatile 
mineral substances in the rock-crust of the earth prosiiniably at an early time 
mode a xiart of the atmosjdiere, but all these have long ago h^ft it. Nearly all 
of the water tliat must haves onocs heisn Isoiled off in the steamy atmosphere of 
early tim(ss litua now condensed upon tins coolisd surface of the earth, forming 
the deep oceans. Some of the gtmess thomselves, particularly the oxygen of the 
air, must luive been much diminished by combining with the surface rocks of 
the earth’s crust and nisting them. 

It is jUso xsoRsihhs that the otudy atmosxshero has been diminished not only by 
oondensation and combination on the enaiili, but also by llyiug away from the 
earth. If lighter and more active gases, such as hydrogen, ever existed free in 
the atmosphere, it may he idausihly su])posed that they have escaped from 
the earth’s attraction and passed out to open space, to be gradually gathered 
around larger xdanets or sims. The absence of even the heavier gases of our 
atmosphere around smaller bodies, such as the moon, has been thus accounted 
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for. The atmosphere, at the bottom of whic 3 h we live, must, therefore, he 
regarded simply as the thin residual of the much vaster early atmosphere that 
onoe surrounded the earth. 

6. The future of the atmosphere. We may not only look back into the 
past ; we may peer forward into the future, and speculate as to the fuither 
changes still in store for the atmosphere. The earth already liaving cooled 
greatly by the comparatively rapid loss of its own heat, the further lowering 
of temperature on its surface depends chiefly on the slower cooling of the' sun. 
When the sun at last becomes cold and dark, all the water vapor will have 
forsaken the atmosphere, and our oceans will have frozen solid. The air will 
be absolutely calm, and all the dust will settle from it, leaving it a pure, clean 
gas. More of the oxygen will have then combined with the rocks of the 
earth^s crust ; possibly nearly all of it may by that time have been withdrawn 
from tlie atmosphere ; but the nitrogen, the inert element of tlio air, will 
remain, little changed from its present amount. We cannot easily imagine any 
process by which the nitrogen of the atmosphere will be disposed of, unless 
the surface of the earth becomes so absolutely cold that the gaseous condition 
should be lost and the nitrogen should condense as a solid on the frozen earth. 

The future does not, according to these spe^lations, appear to have in 
store so great a change as has occurred in the past When tlie earth is cold 
and the sun dark, the atmosphere will be somewhat thinner than now, but its 
decrease in .volume will not be nearly so great m the future, while the sun 
cools, as it has been in the past, during the cooling of the earth. 

The changes in the condition of the atmosphere, here so briefly reviewed, 
have req[uired the passage of imtold ages of time. All the millions of years 
during which the earth has already possessed temperatures fitted for the 
existence of life on its surface, form but a abort middle chapter between the 
much greater duration of its ardent youth, long past, and its cold old age, yet 
to come. While we may gain some general conception of the changes that 
have taken place and that are yet in store for the earth, the time measured by 
these changes passes our comprehension. 

7. Composition of the atmosphere. As at present constituted, pure, dry 
air, from which the dust, water vapor, and carbonic acid have been taken 
away, consists of oxygen and nitrogen in the proportion of 21 to 79 paints by 
weight. These two gases are not chemically combined, but are simply mixed 
together. Their mixture is very perfect, and extraordinarily uniform the 
world over. Analyses of samples of air collected from all the continents, 
from many parts of the oceans, from sesrlevel, from mountain tops, and from 
lofty balloon voyages show hardly any variation in the proportion of these 
two chief constituents. This is because the atmosphere is extremely mobile, 
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and because gases possess the property of spontaneons mixture or diffusion, 
whereby inequality of composition is soon lost. 

The ordinaiy atmosphere possesses in addition to the oxygen and nitrogen 
a small part, about three-hundredths of one per cent., of carbonic acid. This 
varies slightly, being a trifle less by day and in the summer, than by night 
and in the winter ; but the changes of its proportion are extremely minute. 
There is also a variable quontily of water vapor, sometimes locally amounting 
to three per cent, of the air by weight, but generally much less. Besides these, 
there are occasionally minute quantities of accident^ constituents, produced by 
lighting, such as ammonia, nitrous acid, and ozono,^ in addition to various 
microscopic solid particles, such as dust from tlie land, salt from the sea, the 
pollen and spores of plants, and innumerable organic germs. 

Nitrogen, which constitutes the largest part of the atmosphere, is a com- 
paratively rare element in the earth. The probable explanation of its large 
amount in the atmosphere is found in its chemical inertness. It does not 
easily combine with other substances, and hence, although a rare element in 
the eaiijh as a whole, is common in the atmosphere from having been left over 
at the time when other elements united to form liquid or solid substances. 

Oxygen, on the other hand, is one of the commonest substances in the 
earth. It forms a largo proportion of the waters of the ocean and of the 
superficial rocks of the earth’s cnist. It constitutes a small share of the 
atmosphere, not because) it was in small qiuiiitity in the begiiiing, but px’e- 
sumably bcciiuso its original abundance was actively reduced by uniting with 
other sid)8tauoGs in ohemioal coiuiiounds. In spite of its having been orig- 
inally in great quantity, it now makes the smaller part of the atmosphere. 

Carbonic acid, a compound of carbon and oxygen, is trifling in amount in 
the atmosphere and yet is of osseutial importanoe to the vital prooesses of 
plants, as will ho seen in the next soetions. It is given off with water vapor 
and other gases in voloanio eruptions ; its carbon is taken in by plants, whioli 
in times long past have thus stored up groat quautities of carbon in coal beds, 
Henoe the pro])ortioii of carbonic acid has jirobahly varied during the evolu- 
tion of present conditions ; though it should not ^ inferred that all of the 
carbon now existing os ooal was at any one time combined with oxygen, and 
thus added to the store of oorlxoiiio aoid in the atmosphere. 

In some voloanio districts, carbonic acid is given off plentifully enough to 
aoeumuhxte in the hollows and render the air poisonous. An example of this 

1 Ozone 1 b an allotropic form of oxygon ; its molooulo oonfilstlng of three oxygen atomB, 
while the onllnary oxygon molecule coiiBlstB of two atoniB. Ozone haa a peculiar odor, 
whence its name. It octH as an ozydiziug agent, because it ooBlly gives up one of Its atoms, 
thuB returning to Uio condition of ordinary oxygon. Its prc*R(*uoe is generally tested by 
means of this property ; the rate of change of some oaBily oxidized substance being token to 
measnre tho amount of ozone present at the time. Tills test, however, is not accurate, as the 
same change may be caused by other atmosphorio Iminirlties. 
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is found in Death Quloh, a ravine in our Yellowstone ITationnl Park^ w]ior<» 
the proportion of the gas emitted from the ground is suflloicnt to snlfooiito 
animals that stra7 there. 


8. Offices of the atmosphere : relation of oxygen to animals and plants. 
The peculiar relation of the atmosphere to organic life may bo cx])ltiiuo<l by 
analogy with the oase of an ordin^ steam engine. A steam engiim buriiH 
fuel, such as coal or wood, in order to gain energy to do the work tlnit it l»iH ta 
perform. All plants and animals bum fuel, that is, some part of their ()rgaiii<t 
substance, for the same purpose. Engines do their work by the (snorgy of 
high-pressure steam that has been fonned from water and raised to a bigrh 
temperature by the heat from the fiery combustion of tlio futd in a gratis or 
fire-box close to the boiler; and the essential fc*upporter of this fttny coiubuH- 
tion is the oxygen of the air. The work performed by aniinals, such as wallc- 
ing, swi mmi n g , flying and everything else in which resistance is ovorooiuo, in 
done by means of the energy gained from a fireless combustion, a slow ooiii- 
bination of some of their blood with the oxygen of tho ntmosphon^ ; tho 
oxygen that fish find dissolved in the water having been gaiuud from tho 
atmosphere above. 


All plants also have some work to do; truly a trifle oompan^d to that 
accomplished by animals, but still properly named work j either in tlm liftiii^^ 
of sap from the roots to the leaves, or in the moving of tho roots, thc^ 
tendrils, or the leaves ; and Uke animals, they gain the energy for this work 
ty a Blow comb^on, a combination of part of their organic with 

the oxygen of the air, which goes on in all their living oells. 

^ ^both animals and plants, the combustion here refenud to is nsKociahul 
with the procMs of respiration, corresponding to the dmft of tluj jii-o in an 
Respiration indudes the inhalation of a certain amount of air, tin. 

^on with the mosed tor. The process is much alike in plants untl animals, 
orgaT m perfomcl l.y v,ay .lilTm-mit 

in poorly ventilated rooms. ^ oppressive fooliiiK avimj 


otiier minwle. Ih, tc^ j, ^ .... ’ 

th. „„ n't 
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means of whioL they can do work. The higher plants, on the other hand, live 
os a nile on inorganic substanoes, which they derive from two sotiroes. The 
sap, consisting mostly of water with a small amount of mineral and organic 
substance dissolved iu it, comes from the earth through the roots. It rises 
through the stem and branches to the leaves, where much of it evaporates. 
But luiother part of the food of the higher plants comes from the carbonic 
acid of the air, and it is in this relation to the atmosphere that plants and 
animals are so unlike. The carbonic acid of the atmosphere is of no use to 
animals. It is given out iu the exhalation of their breath, just an it is ex- 
luded, truly in very small quantity, from the breathing cells of plants 5 but in 
plants the carbonic acid of the atmoaphei*e is taken in by the green cells of 
the leaves, and under the action of sunshine it is decomposed, the carbon being 
retained and the oxygen given out. This process, therefore, goes on only in 
the daytime, and not both day and night, as in the cose of breathing. The 
sap and the carbon gained from the earth and the air, constitute the food of 
the liigher plants. !From these, the x^lant builds up its tissues, repairs its 
waste, and supplies the fuel for the very gentle combustion that goes on iu its 
breathing cells. The oxygen liberated by the decomposition of the carbonic 
acid iu the green cells goes off to the air, and thus about balances the oon> 
sumptiou of oxygen by plants and animals. It thei’afpre appears that the 
relations of idaiits and animals to the oxygen find carbonic acid of the atmo- 
sphere are in part alike and in part very unlike. 

10. The nitrogen of the atmosx)here has already been referred to as a very 
inert element. It does not appear to have any direct use. By increasing the 
density of the atmosphere, it enables the voice to he heard further than it 
would bo in a thinner gas ; it inahes flying easier for birds and insects ; it 
makes the wind stronger and more serviceable in turning windmills and blow- 
ing tlio sails of ships ; by diluting the oxygen, it diminishes the activity of 
(U)ml)U 8 ti<jn, which in an atmosphere of pure oxygen woiUd be excessive ; but 
it il()t« not api)ear to act in any direct way. 

Water vapor, the most variable component of the atmosphere, is of extreme 
importance in iminy regards. The moveineut of vapor in the atmosphere 
constitutes one' member in the continuous ciroulation of the waters of the 
world, beginning in the evaiwration of water from the ocean surface, passing 
then as vapor, carried by the winds, untU, condensing in douds and fa l l i n g as 
rain or snow, it reaches the land or the sea ; that part which falls upon the 
land gathers in streams and nvers running down the slopes of the surface ajid 
bearing the waste of tlie land with it to tlie sea, 

11 , Dust. Tlie solid impurities of the atmosphere are of varied nature. 
Besides organic paiticles of many kinds, mineral dust is raised into the air by 
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CHAPTER IL 

extent AOT) abbangembnt of the atmosphere about the earth. 

13, The geosphere, hydrosphere and atmosphere. * The great mass of 
the earth, solid at least in its outer crust, is for the most part bathed in an 
ocean of water and is entirely surrounded by an envelope of gases: These 
three parts of our planet are sometimes named the geosphere, the hydro- 
sphere, and the atmosphere; the latter term being in familiar use, the others 
being less frequently met. The arrangement of the several parts will be 
bettor understood if wo recall the physical properties of matter in the three 
states, solid, liquid and gaseous. 

Solid bodies retain a definite form and volume, unless acted upon by some 
severe strain. The solid crust of the earth is slowly strained and crushed 
into the uneven form of continents and mountains; the inequalities thus 
accpiired would be retained indefinitely, if it were not for the slow weathering 
and washing away of their surface; but this process of change is so slow that 
we need not consider it further in the study of meteorology. Por our pur- 
poses, the geosphere may bo regarded as a rigid spheroid, of somewhat irregu- 
lar surface. 

Liquids tend to retain a definite volume; their free upper surface takes a 
aliai)e at right angles to the resultant of the forces acting on it, while their 
form elsewhere depends on that of the body upon which they rest The 
liquid hydrosphere is acted on by the centripetal pull of terrestrial gravitation; 
it settles down in the depressions of the earth’s crust, forming the oceans, 
with a surface standing oveiywhere at right angles to the force acting on it. 
If terrestrial gravitation acted alone, the surface of the ocean would take the 
shape of a sphere; for a sphere alone has a surface everywhere at right angles 
to a system of forces directed to a single center: but on account of the centrif- 
ugal force of the earth’s rotation, the ocean’s surface is defonned into a 
slightly flattened or oblate sphereid.^ 

1 The following simple statement of the problem may serve to explain the deformation of 
the ig>here into the spheroid. Inertia is Uio resistance that a body opposes to a force that 
obangos the velocity or direction of its motion. There is no especial name given to that 
manifestation of inertia which comes from a change of velocity; but the inertia developed 
by a change in the direction of motion is called by the special name, "centrifugal force.** 
It is in no proper sense a force; for a force is that which changes or tends to change the 
direction or velocity of a body's motion. That form of inertia resistance which is called 
centjifugal force is manifested in a direction opposite to that of the actual force by which 
the body's path is changed; and hence in the cose of a circular motion, or rotation, in whlcb 
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The levd. surface of the sea is naturally taikezL as the standard o&^jreferen^^ 
in measuxixig the heights to "whioh the land rises above it, or depths to 'whicl^ 
the floor of the ocean basins sink below it. 

Gases do not retain a definite form or volume. They continually exert 
expansive force, tending to increase their volume. If acted on by extemiil^ 
forces, they may be compressed into smaller and smaller volume; if free 
expand, they will inprease in volume and occupy all the space allowed them* 
The gases of the atmosphere are drawn down on the surface of the sea aii<l 
Ift-Tid by gravity; the weight of the upper strata compresses the lower onoH 
into greater and greater density; while the upper ones expand to an extreme 
tenuity. We know nothing by direct observation of the free surface of a gas; 
and hence cannot well understand how the atmosphere is limited upwards. 


14. Dimensions of the earth. The following rough table of dimensions 
is of interest in this connection: — 

Area of earth^a snrfaoe, 107,000,000 square miles. 

Tolmne of eiajth, 256,000,000,000 oublc miles 

Mass of ear^ QzlO^tons. 

Area of ooean, . . 150,000,000 square miles, or | of earth’s surface. 

Volume of ocean, .... 300,000,000 cubic miles, or ^ of earth. 

Hass of ocean, 18x10^ tons, or of earth. 

Hass of atmo^here, 6x10^ tons, or rwWu ^ earth. 


15. Pressure of the atmosphere. The level surface of the ocean would 
everywhere be equally pressed upon by the overlying atmosphere, if there 

a body is oontlnnally polled hy a centripetal force towards a center, the so-called centrifugal 
force Is manifested ohtward along the radius. 

In the case of any part of the ocean’s surface layer, A, Fig. 1, the only force acting oii 
It la terrestrial gravitation, AQ, One component of this force, AF, most be expended in 

overcoming the inertia (centrifugal force), AO, that 
arlBee from the conthmal change in the direction of the 
body’s motion. If AB la expended, only the other 
component, Ag, can remain; hence it is only the latter 
component of terreatial gravitation which acts to deter- 
mine the shape of the ocean’s surface. This component 
is called gravity. It is not directed to the earth’s cen- 
ter, but slightly away from the center, towards the 
pole of the opposite hemisphere from that in which A 
is situated. Consequently, a plumb line at A will bang 
in the* direction Ag, or vertical; a water surface at A 
will adjust itself at ri^t an£^ to Ag, or level. A 
continuous ocean surface from JV to Q will everywhere 
adjust Itstif to a cfystem of local gravltativs forces, all 
of which are tamed a Uttle away from 0 towoida 8. Hence JVAQ becomes nAg; or the 
q)hiere Is ohonged into the oblate or flattened spheroid. 
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were no disturbing f oioes present by wliioh a greater port of the atmosphere 
might be accumulated in one region than in another. The surface of the land* 
sufEers a less and less pressure, the higher it rises above seorlevel. It is the 
pressure of the atmosphere on the water in a well that raises a column of 
water in the tube of a pump, whore the downward pressure of the air is re- 
moved by raising the piston. The height to which water will rise in a piunp 
may, therefore, be used to determine the value of atmospheric pressure. This 
height is about thirty-four feet, if the experiment is mode at sea-level. Aa 
the weight of a cubic indi of water is 0.036 of a pound, the pressure of the 
atmosphere on a square inch of surface at sea-level must be 14.7 pounds, or 
about a ton on a square foot. 

10, Barometers. Water is not heavy enoiigh to bo conveniently used in 
determining atmospheric pressure. The heavier liquid, mercury, is much bet- 
ter adapted to this purpose. If a gloss tube, aboiit thirty-two inches long, 
closed at one end and filled with mercuiy, bo inverted and the open end placed 
in a dish of mercury, the height at which the mercury will then be held in the 
tube affords a precise and convenient indication of the pressure of the atmos- 
phere. Mercury being thirteen and a lialf tunes heavier than water, or 
10,784 times heavier than air, the column of mercury will stand at a height of 
about thirty inches at socrlcvel; but the length of the mercury cohunu will be 
less and less at more and more elevated stiitions. If the air were uniformly 
dense at all altitudes, the upper, surface of the atmosphere would be fomid at 
a height of 10,784 times 30 inclu^s, or about five miles. By attocliiug a 
scale to tlio tube, the height of the mercury may l)C read, and thus the 
havimi&t&r or pressure meosurti is constriKjtetb It is (iustomaiy to speak of the 
pressure of the atmosphere in terms of barometric indies; tliat is, the height 
in inches of the column' of mercury that the pressure of the atmosphere sus- 
tains in the tube at any time. The x^rtuusc measure of what is colled one 
atmosphere of x)res8uro in these units is 29.905; the mercury having a tem- 
perature of 32®, and the observations being reduced to the latitude of London 
(see Sect. 101) : this eqiuils a x^rcssure of 7G0.00 mm. at latitude 45®. Further 
account of the construction of the barometer and its use will be found in 
Chapter VI. 

A thousand cubic feet of dry air — that is, tlio contents of a cubic room 
measuring ten feet on a side — at a temperature of freezing (32® Falirenheit) 
and under a pressure of 30 barometric inches, or 30 inches of mercui'y as it is 
commonly called, weighs 75.29 pountls. If its volmne be kept constant, its 
expansive force will increase by of the expansive force at freezing for 
every rise of one degree Fahr. in temperature; but we have little to do with 
this condition in meteorology. If, os is much more commonly the case, the 
pressure upon the air remains constant, it will expand as its temperature rises; 
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it. ,dim. ly * » 0.002 of a. ™lom. f» «™7 ri“« 

of one degree Fahr. (or Ijy ^ for a rise of one degi*ee Centignule). 


17. Downward pressnre of the ocean. Betnm now to ^e case of tlio 
lord ocean, on which the atmosphere eyeiywhere exerts a tmiform pressriro. 
If we descend about 38 feet into the salt waters of the ocean, we may 
imagine a snrfaco there, concentric with the outer spheroidal surface t>f 
the ocean, on which the presatire will everywhere bo two atmospheres. At a 
depth of 66 feet, the presBure will be three atmospheres j and Sw- to thi^ 
bottom. Such imaginary surfaces are called isohariOf from having 
piessnre on all parts. At the average depth of the ocean, or two miles, tin* 
piessnre will be 320 atmospheres; at the greater depths of the deepest i>artH 
of the oceans, between four and five miles, the pressure rises to soveu t>r 
eight hundred atmospheres. 

Water, however, is so nearly inoompressible that even under these onor- 
mons pressures, its density is not greatly inoreased. The water at the Iwttoin 
of the great oceans is only about as much denser than the surface water, nn 
the latter is denser than fresh water. Any substance that is heavy enough to 
sink rapidly bebw the surface of the sea will sink all the way to the lM)ttoin. 


18. Isobarlc surfaces in the atmosphere. The case of the atmosphero 
is very different. It is hig^hly elastic, and hence must be much denser at tlie 
bottom than near the top. If we ascend about 900 feet fi'oin sea-lovel, tlio 
barometric pressnre there will be reduced from 30 to 29 inches. At tliiH 
height we may imagine a level spheroidal isobario surface, conoontrio with 
that of the ocean, on which the pressure of tiie overlying atmosphere is 
everywhere 29 inches. How high must one ascend to reach a second iH()l>ari(» 
sur&oe on which the pressure would be 28 inches ? If tlie height of tlio 
surface of 29 inehea is 900 feet, the height of the second surfiuto above tlio 
first must be of 900 ; or 932 feet : for the volumes of gases are known to 
increase as the pressure by which they are confined decreases. The height of 
the third surface, of 27 inches pressure, would be of 900, or 967 foot above 
the second surface ; and in this way we may continue to coloulate the altitudo 
at which any pressure would be found. The pressure of 26 inolies would tlius 
be found at a height of 3,800 feet ^bove searlevel. If the rule wero followed 
to the last case, it would lead us to say that the height at which the surface of 
no pressure— that is, the upper suifaoe of the atmosphere— would be found, 
wouH he V- times 900 feet above the surface of one inch pressure, and this 
would be at an infinite distance above it; but it is not probable that the nile 
by which volumes and pressure are correlated can be fairly applied to such 
extrme cases. Moreover, the known decrease of temperature in the upper air 
would somewhat reduce the measures here given. It must aufloe to say that 
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the air becomes thiimer and thinner as we ascend above sea-level ; that the 
successive isobaric surfaces are separated by greater and greater distances ; 
but of the absolute termination of the atmosphere we can say nothing. 

19. Vertical decrease of pressure In the atmosphere. It is possible, 
however, to calculate witli a close approach to accuracy the height at which 
any given pressure will be found ; or, conversely, the pressure corresponding 
to any given height. Allowance must be made in this calculation for the 
decrease qj temperature at the rate of 1® in .300 feet in ascending above 
searlevei 5 and for certain other minor corrections ; when this is done, we find 
the results given in the following table ; — 


Precwiiro. 

Altitnae. 

30 incliea. 

Of© 

29 

910 

28 

1,860 

27 

2,820 

26 

3,820 

26 

4,860 

24 

6,910 

23 

7,010 

22 

8,160 

21 

9,330 

20 

10,660 

18 

13,170 

16 

16,000 


20. Height of the atmosphere. In the ohh^r books on meteorology, tiie 
height stated for the atmosphere was 46 or 60 iniloH ; this being the altitude 
at which no significant baroinotncs pressure would l)e encountered ; at a 
height of 30 miles the pressure is only half a hundredtlL of iu\ inch. Observa- 
tions on the duration of twilight — that is, of the perceptible sunlight which 
is turned from its direct course by the action of the atmosphere after tlie sun 
has set — gave about the same measures ; but tliis depends manifestly upon the 
delicacy of the observations by which the duration of twilight is determined ; 
if our eyes were shar^x^p, twilight might bo perceived longer. Hence in this 
COSO, as . in the other, all that can be said is that at a height of about 50 miles, 
the air l)ecomcs cxcessivcdy thin, inca])ablc of ])roduoing significant pressures, 
or of deflecting perceptible amounts of sunlight. 

Observations of m(»toors, however, give much greater dimensions for the 
height of the atmos])hpre. Meteors are smnll solid bodies, flying rapidly 
through BX>ace, and sometimes entering the earth's atmosphere. Tlieir velocity 
is so great that they generate heat enough by the compression of the air in 
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theii path to lendor them InmiBOua, and even to <^mtegrate tliem 
LkL hottom of flie atmosphere. Only the larger ones reach ^ 
^consnmed. Meteors have sometinms been seen from seyerd p a.u,s by 
different observers, and their apparent paths among the stors 
closely enough to enable one afterwards to oaleulate the angular ultitu. o of 
each observer’s line of sight above the horizon. The height at whmh th« hn 
of sight intersect may then be easUy determined j and in this way it w U'lirned 
that meteors become visible at heights even greater than 100 luihjs. Alfchoug 
it is difficult to conceive of the excessive tenuity of tlie air at such lunghtH, we 
are constrained to believe that it exists there 5 liow much further the faintest 
traces of the atmosphere may extend must be left to future discovery. 

Valuable observations of meteors maybe made by any persona who can 
record the time of appearance accurately and wliose knowledge of the constel- 
lations is sufficient to identify the stars easily ; or, even without thin kii()wh‘clge, 
by persons who will take core to notice the track of a meteor post some iixed 
objects, whose direction and angular altitude may afterwards be meaHunul by 
surveyor's instruments. Such observations, reported to the contriil of 

any of our state weather services, may be compared with good results, A 
meteor seen over New England on September 6 , 1886, and reportccl by Htn'cral 
observers of the New England Meteorological Society, was determ intul by 
Professor Newton of Yale College to have become visible at on altitude of 00 
miles over northwestern Vermont, and to have disappeared at ou altitude of 
25 miles over southeastern New Hampshire. 


VTe know little of the vast upward expanse of the atmosphere, TIu» riiys 
from the sun and stars enter through it ; hence it must be exoossivoly thin 
and pure. Meteors dart into it, and, if heavier than a few ounces wiught, in 
most cases fall to the earth. But the highest mountains do not rise six miles 
above sea-level, and their upper slopes are deserts of rock ojicl snow. Tlie 
highest flight of a balloon, nearly seven miles, reached temperaturc’is so low 
and air so thin that the balloonists feinted. All the clouds of those lofty 
regions consist of minute ice crystals 5 but they are seldom, if ever, iiiGasuri»d 
at heights greater than eight or nine miles. It is only the lower part of the 
atmosphere that is of sufficient density and of a high enough temperature for 
the easy mmntenance of life, as it has been developed on the earth. The 
^eater denaily of the lower strata has already been explained os a result from 
the pressure of the upper strata 5 we may next inq[xiire as to the control of the 
temperature of the atmosphere. 
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CHAPTER III. 

THE CONTROL OF ATMOSPHERIC TEMPERATURES BY THE SUN. 

21. Sources of heat. The only souroos of hoat on which tho temi)erar 
are of the atmosphere may he conceived to depend are the sun, the stars and 
iie earth. 

The earth is still very hot within; but its hot interior mass is so well 
Baled over by a non-conducting crust, that very little hoat escapes outward 
trough it. Volcanic eruptions occasionally carry some of the glowing rocks 
com the interior up to the surface in a spasinodio manner; but these eruptions 
re manifestly too exceptional for further mention. Moroover, if the toinporo- 
ure of tho air over the earth's surface dependcul on conduction from tlie 
arth's interior, wo should not know how to explain tho changes of tempora- 
ure from tho equator to the i)olos, or from Hummer to winter. 

The stars are as hot as the sun, and they are innumerable; but their dis- 
anoe is so groat that they control our temi)eraturo tis little as tluiy control our 
ight. Moreover, they shine from all parts of the sky; honoe, if our tempora- 
uro were said to depend on star beams, we should not know how to explain 
he changes of temperature from day to night. 

The sun is manifestly the ruler of tcniperaturos on the eai^tli's surface. 
Che changes of temperature from equator to pohi, from Ruinim^r to winter, 
rom day to night, all follow the changes in the intensity of sunshine. There 
;an be no doubt in an explanation wlu^re varmtions in the effects follow so pre- 
dsely the variations in their presumed (uiiiso. 

When we come to explain how it is that the sun (sontrols terrestrial tom- 
)erature, it is nocossary to go slowly, if wo would gjiiu a clear understanding 
)f the process. 

22. Nature of heat. It must be now ro(«illod from tho stiudy of physios, 
;hat heat is not a thing in itstdf, but simply the energy of tho molecxUar mo- 
don of any material Hubstiinco. 1 C two massifs of leiul bo stnic.k violently 
;ogether, they become hotter than bofore. Iron and stool are not so well fitted 
!or this experiment, for, by reason of tlnur elasticity, their energy of im])act 
.8 mostly exixended in producing a rebound. Loivl being relatively inolnstio, it 
.8 supposed that the energy of the imi)ac.t is expended in oxoiting the mole- 
cules of which the masses are composed to a more active motion; and we 
recognize this more active motion in the higher temperature of the bodies, 
[t must be clearly understood tliat, in speaking of molecules, or of heat as the 
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energy of moleonlar motion, ve axe speaking of things that have never been 
seen^ of phenomena that have never been observed. It is^ nevertheless^ 
reasonable to believe in molecules and in the mechanical theory of heat, as it 
is .called, beoanse by the acceptance of such hypolheses, we are enabled to 
explain and correlate a great variety of well ascertained facts, that have other- 
wise found no explanation. 

Heat, then, is believed for good reasons to be the energy of molecular mo- 
tion. When the surface of the ground and the lower layers of air become 
warmer under the rays of the morning sun, we believe that tlieir molecules 
have been excited to greater velocity of movement: but then the question 
arises — how can the velocity of their molecules be afiFected by the sun, which 
is distant from the earth by ninety-two million miles 1 The space between 
the planets and the sun must be empty; otherwise, the planets could not 
maintain a constant distance from the sun; they would approach it on an in- 
ward spiral path, moving faster as they neared it, and thus accomplishing an 
annual revolution in a decreasing number of days. This is not the case, as 
far as observations go. We must, therefore, suppose space to be essentially 
free of resisting matter; if any* medium is there for the propagation of energy 
from one mass to another, it must be of praperties quite unlike those of tlie 
gross forma of matter that we know on tiie earth, raider even tlian the ex- 
tremely tenuous upper strata of the atmosphere. Yet some continuous 
medium must be supposed to exist all through space; for without it we cannot 
advance towards an tmdei*8tanding of the process by which the light of the 
stars reaches us; or by which the sun controls our temperature; or by which 
a hot ball of iron can become cool even tliough suspended in a vacuum. 

23. Explanation by hypotheslSi Here, as in the mechanical theory of 
heat, we must have recourse to some hypothesis; and our faith in the hypothe- 
sis should be measured simply by its success in explaining foots of observation. 
It is commonly the case in the progress of science that various hypotheses ai*o 
successively advanced in the attempt to explain facts of observation; tho 
hypothesis which best accounts for all the facts will come, in time, to be gen- 
erally accepted. Eor example, many facts are known concerning the motions 
of bodies; the falling of any object towards the earth; the movements of the 
moons around the planets, and of the planets around the sun; and even tho 
revolution of the two components of a double star around a common center. 
All these facta of motion may bo explained by the hypothesis that every mass 
of matter attracts eveiy other moss with a force directly proportional to tlio 
product of their masses, and inversely proportional to the square of the dis- 
tance between the two. Tliis hypothesis is so successful in explaining all 
relevant facta, that it has come to be universally accepted. The force of 
attraction is called gmvitation ; the statement of the manner in which it 
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varies is caJled the law of gravitation. The discovery and establishment of 
this law is the chief glory of the immortal Newton. 

The hypothesis by which we seek to explain the loss of heat from a hot 
ball suspended in a vacuum, or from the sun standing in empty space, 
must now be briefly outlined. It may be named the hypothesis of radiant 
energy. 

24b Radiant energy. It has been supposed that in spite of the ai)parent 
emptiness of space, as far as molecular matter is concerned, it is novei-tlieleas 
filled with an ^1-pervading medium of liorfect ooutiiiuity, exoosHivo rarity aud 
extraordinary elasticity. Any disturbance, sucli as tlm agitation of the mole- 
cules of ordinary matter, at once iiui)ai‘tH a disturbance to the imagined 
medium; and then, mucli in the sanu^ way as waves spread out from a point 
where a stone falls into a body of water, so waves of disturl)anc<^ spreiwl out 
or radiate through the imagined inedinni in all directions from any center of 
excitement. 

Wliether the hypothetical medium Ihj named the luminiferous <»ther, or 
whether it takes a name from its i)roperty of propagtiting electro-magnetic 
disturbances, this matters nothing to us now ; all that the hypothesis of 
radiant energy demands is that iiioleeular disturbance should be spnMul away 
or radiate by a wave-like Jinotion or undulation in some siiactJ-pcuTtuling 
medium. Henoo the name, hifimtheaiH^ originally (unidoyed, when 

the idea of the undulatory natures of light wjw first iutroducuwl by Iliiyghous in 
the seventeenth century, in diatimitiou to the (W)rpuHCular hypothesis of 
Newton, which assumed that the light from the sun consist(»d of a sliowor of 
minute oorpusoles. 

The undulations of radiant cMiergy travel away in stniight liii(‘s iu all 
directions from tlieir source at tluj enormous v(do(rity of nearly two hundred 
thousand miles a second. They require only about eiglit minutes to span the 
space from the sun to the earth. Tlu^ dimensions of the undulations arc 
excessively minute ; those given out from the sun varying in Imigth between 
0.00270 aud 0.00029 milliinetcu', or O.OOOll and 0.00001 inch. Tluur tindula- 
tion is incredibly rapid ; reiWiliing several IiuikIwhI million million undulations 
in a second, the finer waves swinging the more (luitkly. They may ho lik(*.ned 
to the much larger waves of sound exeitcul iu the atmosplicrt^ by an oroliestro. 
The trombones and bassoons i)rodu(ie long waves of relatively slow undula- 
tion ; the fifes and the high notes of tlui violins exe.ite finer waves of relatively 
rapid undulation ; the louder notes exe.ito waves of gnuitcu* bremltli of swing, or 
amplitude ; but they aJl travel away at a uniform velocuty. On «mcounteriiig 
any object, they spend their energy upon it ; that is, they set it into vibration; 
thus the waves from one tuning-fork may set up vibrations in anotluir. If the 
waves of sound disturb the delicate lueobiuiisui of the ear, they give us the 
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senaation of hearing. In a very similar way, the waves of radiant energy, 
varying in period and amplitude of undulation, move on from any exciting 
Bouxoe in straight lines or rays at a imiform velocity as long as they pass 
through what we coll empty space 5 but if the waves encounter sensible 
matter, some of the energy of undulations is impaited to its molecules, and 
the velocity of molecular movement is increased ; that is, the moss that the 
moleculeS' constitute is heated. A careful distinction should be drawn between 
radiant energy, whose nature is essentiQlly undulatory, and molecular energy 
or heat, willed is characterized by a oonfused molecular agitation. 

26. Radiation from the sun : Insolation. The sun is on enormous globe of 
excessively hot matter ; many times hotter at its doudy surface than the hot- 
test furnace, and prosiunably hotter still within. Its mass is so great that in 
8X)ite of its active radiation of energy, by whioh its heat is reduced, it will 
be hot for ages to come. Its diameter is about 880,000 miles ; if the earth 
were at the center of the stui, and the moon were revolving about the earth at 
its X}re8Ciit distance of 240,000 miles, there would still be a solar shell outside 
of the moon 200,000 miles thick. 

The radiant energy or radiation emitted by the snii is conveniently given 
the special name of imolation. It varies greatly in wave-length and period of 
undulation. It flics away in all directions at an incredible velocity. The 
greater i^ort of it goes on and on for ages through the void of the universe, 
constantly becoming fainter as it embraces wider and wider spheres of action ; 
only a minute part of the emitted insolation encounters a nlanet on its way 
through space. 

The heat enntted from a small area of the sun’s surface has been compared 
with tliat given out from an equal area of melted steel in a Bessemer furnace ; 
the ratio being 87 to 1 in favor of the sun. The heat received from the sun’s 
rays falling vertically and unobstructed on a square mile of the earth’s surface 
would worm 760 tons of water from the freezing to the boiling point in a 
minute. The whole amount of heat received from the sun on the eartli in a 
niiiiute would warm 37,000,000,000 tons of water hy the some amount. The 
heat thus received would suffice to melt a layer of ice about 160 feet thick over 
the whole earth in a year ; this is several thousandfold greater than that 
rtuwived from the earth’s interior ; and yet the earth receives only one two- * 
billionth part of the heat given out by the sun I The other planets receive 
Hiniilar minute fractions ; the rest is “wasted” ; that is, we do not see tliat 
it irt ai)plied to any particular purpose. Upon the trifling share of insolation 
rcccdvcd by the oartli depend all our activities, except those of telluric origin, 
such ns eartliqmikcB and volcanoes ; and those of lunar origin, such as the 
oeuaiiic tides. The winds, the ocean currents and all the prooeases of life 
depend on energy received from the sxm. 
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■Whatever one may feel about the correctness of the undulatory theory 
of radituit energy and however difllcult it may be to grasp its fundamental 
<Hnulitioiis, it must be recognized as more nearly explaining the facta with 
which it is concerned tlmii any other theoiy that has been proposed. Its 
cKsentiul feature of undulation is universally accepted by physicists, although 
the luiture of the medium by w’hich the undulations ai-e transmitted is by no- 
moans understood 

26. Astronomical relations of sun and earth. Having now considered 
tlie metliod by which the sun’s heat is transformed into radiant energy and 
tluis i>ropagated outward iu all directions, so that the earth is constantly in 
recicipt of a small fraction of the total, we must next examine the position of 
tlio earth with respocit to tlie sun at different times of the year, so as to under- 
stiuul ideuiiy how the incident insolation is distributed over its surface 5 for 
on this (liRtributioii depends the division of the earth into zones and all the 
changes of the sourour. 

The earth moves around the sun in a nearly circular orbit. The actual 
form of the orbit is an ellipse, but of so faint eccentricity that, the sun being 
iu one foe.ufl, the eartli ia only three million miles nearer the sun at one time 
than aiiothi'r. The time of nearest approach, called perihelion, occurs con- 
vcmieutly for our imuiKU'y on New Year’s Day ; and the time of greatest 
diHtan(*.e, (uilled aphelion, on July 1. It may be seen at once from this that 
it cannot be cm our distance from the sun that the winter and summer of the 
noi*thoru hcnuisphcrci dejiend. 

27. Distribution of Insolation over the earth. The axis of the earth, on: 
wliic.li it turns onc.e a day, does not stand vertical to the plane of its orbit 
hut is inclined twiuity -three and a half degrees from the vertical, and in such 
a dirc.‘c,tioii as to turn the north pole away from the sun on the 21st of Decem- 
ber ; that is, tem days before the time of perihelion. As the earth moves 
around the orbit, the axis always stands pnxallel to itself ; hence on June 20, 
tlu^ north pole will bt^ turned toward the sun. • These dates ore called the 
sofatiras, IwcjiuHci thc^ sun then stands farthest south or north of the plane of 
the earth’s ccpiator. it follows from this that the amount of insolation 
r(*c.cuvt‘d at dilTcu’cmt latitudes will voiy greatly during the year ; first, because 
th(^ iucdinatioii of the sun’s rays to the horizon varies ; second, because the 
diurnal duration of Hunshine, or the part of the twenty-four hours in which 
the sun stands above the horizon, varies. The change of seasons is thus. 
(IcteriniiKuI. 

The noon altitude of the sun and the length of the day at any latitude are 
hoRt illustrated by fitting a paper ring around a globe in the attitude of a. 
great circle; the globe, with the axis properly tilted, being oarried around a. 
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curve to represent the orbit, and the paper ring being always adjusted at right 
angles to a line from an imaginary sun within the orbit. The ring will tlien 
separate the light and dark, or day and night halves of the earth, and may 
therefore be called the twilight circle. If a line is drawn through the sun at 
right angles to the solsticial line, it will intersect the orbit at two points; and 
while the eai‘th occupies either of these points, the twilight circle passes 
through the poles, and the days and nights are everywhere equal. The points 
are, therefore, called the equinoxes, and are passed on March 21 and Septem- 
ber 22. It should be noted that the line defining the equinoxes does not out 
the orbit in halves, and that five days longer time is spent in passing from the 
vernal equinox through aphelion to the autumnal equinox than from the 
autumnal through perihelion to the vernal. 

At other times than the equinoxes, day and night are unequal, because the 
twilight circle then outs the latitude circles unsymmetrically. This effect is 
strongest at the solstices, when the twilight circle is most oblique to the 
latitude circles; but the equator always has equal days and nights, because, 
being a great circle, it must always be bisected by the twilight circle. A little 
practice with a globe should make this plain. 

The altitude of the sun over an observer’s horizon is always greatest at 
noon. The noon altitude will be 90® at some point within the tropics through- 
out the year ; elsewhere even the noon rays fall obliquely, and their effect 
weakens as they spread over a greater surface thau their cross section. This 
may be likened to the noon sunshine in winter on a noi‘th and south road 
passing over a hill; the snow on the southern slope, receiving the insolation 
more nearly at right angles to the surface, may be melted, while it remains 
frozen on the northern slope, where the insolation falls more obliquely. 

The proportionate amounts of insolation received in a single day at dilhu*- 
ent latitudes and at different times of the year have been carefully ciilculatcMl, 
and are presented in abstract in the -following table. The unit of these meas- 
ures is the amount of insolation received at the equator on the day of the 
vernal equinox, March 21, when the sun passes through the plane of the 
earth’s equator on its way into the northern hemisphere of the sky. 


Latitude 

0® 

+ 20® 

+ 40® 

+ 00® 


"00® 

March 21 

1.000 



0.400 


0.000 

June 21 

0.881 



1.000 


0.000 

September 22 

0.984 



0.400 


0.000 

December 21 

0.042 



0.000 


1.2H-1 

Annual Total .... 

347 

320 

274 

107 

148 

143 


The same data are also presented iu graphic form in Pig. 2; the latitude 
being given on the left margin, the time of year on the right margin, and the 
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value of iiiBolation being indicated by a vertical measure from the plane of 
the two iiuirgiuB. 

The iiioHt iiiipoitont lessons of the table and diagram are as follows:— 
(1) On the equinoxes, the greatest amount of insolation is received at the 
oqmitor, wliere the day is twelve hours long and the sim passes through the 
zenith at noon; on this clay at higher latitudes in either hemisphere, although 
the day is still twelve hours long, the sun does not reach the zenith and the 
viUue of insolation i)rogreBsively diminishes; at the poles, where the rays pass 
tangent to the Burhice of the earth (except for a slight bending by atmos- 
pheric refraction), no insolation is received. (2) On our summer solstice, 



Fiu. 2. 

«Tnn(^ 21, the cMpiator Htill has a day twelve horn's long, but the sun does not 
reach the zunith tlnui, and hence loss insolation is received there on this date 
tliaii on the (M|uiii()X(^H. Southern latitudes have still more oblique sunshine 
and a Hhorter and sliortor day, until iM^yond latitude 06^® the night is twenty- 
four hours long, and the insolation for the whole southern frigid zone is zero. 
North of the e(puiif>r, tlio Run reaches the zenith over latitude 2f3^®, and as the 
<lay is tluuHi nion^ than twelve horn's long, the amount of insolation received 
at this latitude on the solstice is greater than that received at the equator on 
the equinox. Going further north, there is for a time an increase in the vaJiue 
of the diurnal iiisolatiou, because the loss from the lower noon altitude of the 
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Bim is overoome by the gain from the greater length of the day, a maximum 
value being reached about latitude 40°; then there ia a alow weakening, as the 
decreasing noon altitude more than compensatea for the continued gain in the 
length, of the day, the mini mum being found just beyond latitude 60°; from 
this latitude, northward, the increasing length of the day and the presence 
of the sun above the horizon during the whole twenty-four hours cause an in- 
crease in the value of diurnal insolation, reaching a strong maximum at the 
pole, where the amount received is decidedly greater than at the equator on 
any day of the year. (3) On our winter solatioe, December 21, the relations 
of the noiikem and southern hemispheres are inveiijed; and the south pole 
then receives even a greater measure of insolation than the north pole received 
sis months before, because the earth is then near perihelion. The limits of 
the zones are thus seen to be related to the distribution of insolation. 

It should be noted that the distribution of insolation depends largely on 
the length of the day as well as on the altitude reached by the sun. It also 
appears that the known distribution of temperature on the earth does not 
closely follow the distribution of insolation; for, if so, the north i^ole should 
have a relatively high temperature on June 21; and the south pole should 
have even a higher temperature on December 21. The explanation of this 
discrepancy will be found in Section 91. 

28 . Action of Insolation on the earth. An important step may now be 
made in considering the action of insolation on the earth. We have leoiaied 
the nature of this form of energy; we have seen its distribution over the 
earth at different seasons; the effects that it produces come next in order. 

It must be carefully home in mind tliat radiant energy, while on its way 
from the sun to the earth, is not heat. It was excited by tiie heat of the sun, 
where it was emitted; and it will produce heat when its energy is acquired or 
absorbed by the substances of the earth; but until thus absorbed, it must be 
regarded only as a special form of energy ; a shower of almost immeasurably 
rapid imdulations, varying in period and amplitude, but constant in velocity 
of propagation. 

29 . Reflection. When radiant energy from any source encounters sensible 
matter, it may be turned back or reflected; it may be passed on or transmitted^ 
or it may be expended in adding to the molecular energy of the body; that ia, 
the energy is absorbed and the body is heated. BuiTiished silver is the best 
reflector known; it turns back nearly 98 per cent of all rays incident upomit; 
and this in a most systematio manner, so that the angle of reflection equals 
the angle of incidence. The reflected rays depart without loss of energy, and 
the reflecting body is not warmed by them. A good reflector can neither be 
heated easily by absorption, nor be cooled easily bylts own radiation. 
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Snow and water, whether on the surface of the earth or in the clouds, are 
among the best natural rehectors; much of the insolation tliat falls on them 
is turned back into space, and the eartli gains nothing from it. 

80. Transmission. Eock salt is the best transmitter of ail solid sub- 
stances. It is much better in this respect than glass, which absorbs many of 
the finer and coarser waves. Such a substance is said to be diatlierrnaiums, or 
to possess the quality of diuth&i^matice ; those terms, literally meaning open 
to heat,” having been introduced when radiant energy and heat were con- 
founded. The temperature of a transmitter is imohanged by the radiant 
energy that passes through it. It can be wanned only by the energy of the 
few waves that it absorbs ; hence like a reflector it must warm slowly, oven in 
the full glare of sunshine. 

The gases of the atmosphere are almost perfect transmitters. Any given 
thin layer of air retains veiy little of the insolation incident upon it ; it 
reflects none ; nearly dl posses through it. It can, therefore, warm very 
slowly. The pure water of the ocean is also a com] )nrativoly good transmit- 
ter ; but water is much donsor than air, and the sun’s rays are so weakened 
by the slight absorption of successive layers of water, every one of which 
takes a little of the passing energy, tliat at greater dei)th8-than a few hundred 
fathoms, sunshine must bo practically imperceptible. It is curious to discover 
in this connection that many animals inhabiting the (loci)er parts of the ocean 
have well developed eyes, and are brightly (colored 5 and hence we must 
suppose that light from some source reaches them. Animals dwelling in dark 
caverns do not develop their eyes, and are white or gray 5 hence caverns must 
be darker than the lK)ttom of the oc^ean. The jAiosphoresoenco' of many 
marine animals may serve to illuminate the oc.ean bottom. 

31. Absorption. Carl)on is an almost porf(^ct absorber. It reflects only a 
trifle of incident insolation and absorbs the rest; it is, therefore, rapidly 
heated. The surface of the gi’oater part of tlie land, being a ])Oor reflector 
of radiant energy and transmitting none beneatli the surface, absorbs nearly all 
that falls on it, and warms rapidly under sunshine. 

32. Various effects of absorption. A brief digression must be made here 
to refer to certain other effects i)rodiiced by the absori)tion of insolation. If 
the solar waves fall on certain substances, such as those used on photographic 
plates, chemical changes of coin]>OHition follow ; but these changes ore not to 
be regarded as the work of th<i absorbed rays. Substancuis thus affected may 
be regarded as so many springs, bent by previous chemical reactions into 
constrained positions, from which they would gladly free themselves if they 
could but make a beginning. Tlie excitement caused among the molecules by 
the absorption of sunshine or of radiant energy from any other sufQloient 
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amoky, aa in the neighborhood of forest lires, or cloudy, us in Htormy weather, 
it may be that the lower strata are shielded from wuruiiiig by day and from 
cooling by night by the many liai'tiolos above thorn. Air of ordinary olean- 
ness may, therefore, be exi)ected to possess a greater and groal-.or r.iiigo of 
temperature as we descend towards the earth, mi uxanij)lu of diurnal toiupor- 
atures for the lower air in clear weather being given in Fig. 10 l)iit very 
dusty, smoky or cloudy air must have a level of maxinuim winge of tiuiijiera- 
tui»e at some height over the earth’s surfaoo, and a less range both abov(» and 
below this height. Aii illustration of the relatively coiistiuit tiuniMuniture in 
the lower air during a spell of cloudy weather is given in Fig. 10 

A practiotd application of this principle is soen in the nietliod commonly 
adopted in protecting tender plants from freezing in cuirly <ir latci frosts by 
building smoky fires about them, and thus i)roviding them with a (soviu* of 
smoke during the night (Sect. 187). In such osiscw no frost will formed 
below tlie smoke, if it is dense enough, while the frost may be severti on tlu^ 
surroundiug UiiproteetiHl gi-ouiul. It may be oxpec.t(ul that if a series of ol)- 
servations of temperature wore taken at dilferout luughts in a dense layer of 
smoke, a gimter nocturnal fsill of tom^wratTire would b(» found near the top 
than at the bottom. 


36. Vertical temperature gradient. The gcmoral (listribiiiiioii and variiu- 
tion of temperature in the atmosphere may be simply illustrated in a diagmm 
(Pig. 3), in which the verticuil scale, 

OYf reprosGiits altitude, being divided 
into tliouBonds of feet (the altitude 
where pressui’es of 29, 28, 27, etc-, 
inches occur, is marked according to 
the table of Secjt. 19); and the hori- 
zontal scale, OX, represents teinportv- 
tiu*e, on the Fahrenheit scale. ^ Many 
observations on luouutains and in 
balloons have dotomiiied that on 
the average the teiujuiraturo of the 
atmosphere diminishes 1® Palir. for 
every three hundred feet of elevation. 

This relation is iiidiwited for a sfaitioii . 
at searlovel whoso moan tenipemture is 
C/)®, by the oblique line, Ali, whose in- 
olination is such that for every rise of tlire(« Imiulrcd fiuit on the Htnilo of 
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1 The soalo of tho sovoral (Ilograius of tlilH kind In ooiiHUiiit thniiif'k thci book. HnuiU 
oroBBea to tho right of tho vortical aoalo mai’k fipaooB of 500* metom j similar oi-ushus i « « ii » i vi. l i 
the horizontal soolo Indloato even 6® on tho oontlgrado tliormoiuotcr. 
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sltitade^ it shows a doorsass of ons dogroo on the scale of tenlp<'l*«ltu^^^ 1 hn 
rate of vertical decrease of temperature, thus expressed either tin ii iiiitiH'rii'al 
ratio or by graphic method in a line, is called the vertical teiniu'iiitniM* 
gradient. 

From the explanation of the preceding section, we may now add l-o tht‘ 
diagram a series of horizontal lines, representing .the diuriud run^i> of t.iMii- 
perature in the air at various altitudes, the middle points of tlio liiu's lyin^ 
on the line of the average vertical temperature giivdieut. In thc^ xipiM»r air 
range lines are short; in the lower air, especially over tlie land, tliry 
longer. Dotted lines,' CZ), EF^ connecting the ends of the hori/onlyd liiu'.s, 
serve to indicate the vertical decrease of temperature in the atinospliere af 
times of highest and lowest diurnal temperatui*es; and os CD and KFvw iliJ- 
ferently curved, it follows that the vertical temperature gimlient; is a variulile 
quantity.^ Its values at different times will be later shown to oxert; a luarki'd 
control on atmospheric processes. 

The direct rays of insolation arriving at searlevel aro wwikoin^xl hy absorp- 
tion and other losses on their way through the atiuosphere. lu (*l(»udy 
weather the largest part of the insolation is detained in tlio atinosplipn*; 
under the densest fogs of London, hardly any percej)til)lo rays from Mu* sun 
re^ the ground. In clear weather a vertical ray passing throuKii Mm I oust 
thickness of air reaches sea-level with about three-qmirtors of intt»nHil.v 
that it is estimated to possess outside of the atmosphere; but tin* loss Mnm 
suffered is partly made up by the arrival of indirect rays tliat (•^)in<* from Mu* 
o^n sky, having been turned from their initial patlis by dust or (doml par- 
ticles. When the sun is below the zenith, tlie loss of intensity, as Mu* rays 
pass obliquely through the atmosphere, is muoh gi*eater than that KulTered i>v 
a vertical ray; and at sunset the sun may even be observed by the unprcdeeti*ll 
While any small volume of air detains only a minute part of tin* iiud- 
dent insolation, the entire thickness of the atmosphere withliolds ;i cmisider. 
able Bhwe of insolation from the earth. We have now to extuuino ilm eirec*ls 
produced by the rays that penetrate to the sea and hind 


^ or 1 11. 

concerned in meteorology, ie like tho a'ir in boing 
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slmre of the incident insolation is rofluc.tod away from the siirfiuw of the 
ocean; and this portion has no effect wliutovcr on tho tcMniM'.ratuwi of the 
water. As it posses out throujfli tlm atniosphcw^, a small shcarc of it is 
absorbed, and the rest escapes to intorpluiu^tary space. Sttcond, most of tlmb 
which enters tlie water is not absorbed by tli(» siirbuio layer, but is transmittiul 
to gi*eater depths; only a little is absorbed near tlio surbu^t^, or in any given 
layer. Third, part of tho absorlxid insolation at tlu^ surlatui is <»xi)cn(l(xl in 
changing the state of some of tho water from licpiid to vapor organ, and this 
port does not cause any rise of tcnn])«n‘atiu*<‘. This is an i»xt.r(mi(dy iiuportiint 
matter, and will be referrcMl to again and at hmgtii in OluipLors VI II and TX, 
when treating of tlio moisture and tlio clomls of tln^ atmosphore. lb may Ix^ 
now simply stated that tlio insolation tlius oxpombxl in c.hangiug tlio state and 
not in raising tho tem 2 )oraturo of tho watm* is calbsl tho httvM of c.iuqmi*<tr 
turn I and that tho ovaiioration of water riuiuin^s a largo amount of latent 
heat. Eecalliiig that a unit of heat is the amount of Iieat nixxlod to raise the 
temperaturo of a iiound of watiu* one di^gree KahrcMdieil:, it is found that tho 
evaiioration of a pound of water ro<piir(*s about a thousand units of luwit; or 
remembering that a large calorie is tlni amount of hc^it iKMshxl to raise the 
temiierfaturo of a kilogram of watiu* one degnni (umtigradc*, about 5/i5 
largi^ wilorioH will bo needed to evaporate a kilogram of wal.m*; tlm preeise 
amount varying with tho tem[)urature at wlii<*.h (U'aporation i.ak(>s place. It is 
evident, tlnu-efore, that tho evaporatimi of walxn* from the oecuiirs siirfiuu^ is 
an effective means of retarding its ris(^ of tcmipe ratlin*. I‘'oiM’tIi, tlie little 
insolation that is absorbed by the surfaec^ layer of the oeean <wliis(*s only a 
small rise of temjierature; for it is moj*e dilllmilt to raise the tempeniture of 
water than of any other natural substance. This inatt(!r will he refern‘d to 
again when considering tli(M*.as(M if the surfacie of the land, Kiftli, the water 
of the surfiux) of tho ocean is in almost (continual motion; that wliicdi is now 
at the siirfiuiB is shortly afterwards more, or less mixed with water from a 
greatm* or less depth; and that wliieli is at one time in tho torrid zone iiudor 
the strongi^r rays of the sun, is slowly (^arrii-d away by the eurn’nts, and ita 
place is takim by other, unwarnuul watm*. The temperaturo of tho water at 
any given phme is thus ludil down tA) a moilorabi degree by the ^•olltilllUlI re- 
moval of the warmed water and its rephuMunent by another 1 (‘hs warim»<l volume, 
Nearly all these conditions opc'rato ua well in pn^venthig a lupid fall of 
tempemture on tin* oc.ean’s Hurfae.e hy railiation at night as in retarding tho 
rise of tmuiieratun^ hy day. being a iranspanmt huIihUukhi, and having a 
fairly good reflecting surfjuu‘, tho n[)p(n’ layer of wab»r is a poor nwlialior. It 
is as difficult to cool water as it is to warm it; and tho litth^ energy lost liy 
radiation can, therefore, havo jiartiiuilarly little elTcMd: in lowering its tmnpei*- 
aturc. As the surfaeo layer hecomes somewhat eool(‘d, its phu;o may tlnm ho 
taken hy less cooled water from a dqitli below tho surbice. 
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Tlie under layers of the ocean beyond the action of inaolation, an* l•vl•n 
more conservative in respect to changes of temi^raturo, ctiUicr diurnal t»r 
annual, than the surfeoe layers; and the great mass of (h'op watur is hanlly 
more variable in temperature than the deeper laytu-s of tlio solid (‘arth. Wo 
shall see the strong effects of the comparatively uniform t(unpiM'.'Ll.un‘s of tho 
ocean when considering the climates of different regions; tlH)so rountrios noar 
the ocean, and particularly to the leeward of large ocoauio jiossoss an 

equable temperature the year round; while those far rmnovc^d from tin* iH'oaiis 
suffer from extreme ranges of temperature, more fully oxplauuHl in a lalor 
section. 


38. Rdation of diurnal temperature range in air and water. < Ivor f lu* 
greater part of the oceans the diumaJ range of tompomturc in tho surlaiM* 
water is hardly one degree. The range of temperature in the ojioii air olosi* 
to the surface of the sea is two or three times os imush. As this ivlal-ion is 
the opposite of that which we shall find obtaining over tlio lands, it; mvds a 
brief explanation. The s mall amount of insolation absorlxMl by t.lu* lj»wrr 
layers of the atmosphere is aU appUed effectively to raising its ti‘iiii»oralinv; 

although little is absorbed, it is so easy to warm a layer of air that the Imu* 

perceptibly increased. The much largc^r aimmnt of insolafii.ii 
absorbed by ^e upper Iyer of the ocean waters is applied to various lask.s- 
only a ^ of ^ 18 applied to the task of warming tho water; aud this task 

at “Silt equivalent in amount to tin- war.„i„r 

temperatope than that ..f tl,« 

which It restB; but aa we are dwellers on the land, this i« of 1 i.h« , 

BOW have to ^ ^ whi.-h wo 

89. Absorption and radiation by the land. The aurftuu^ /.f ti i ... 
^7 ways contracted with that of the ooL. Tt J ^ 
reflector j but Httle of the insolation “ «f«»pftrativ.tly j„«,p 

Tieta., «.d hme thi, b, tT ’Z ■“ ««” "‘te™. u i, 

latent heat. It is easily iTarmed insolation in th« form of 

^nnsnage, its speoifio heat is low ■ and b. water, or iu jihysictil 

8 la^ rise of temperature. For aU insolation ,lr.;h..vH 

“"^esahightempSLeundl silg^^^^^^ Inud 
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Conversely, it falls to a low temperature at niglit. It is a good rEidiator ; 
all tlie radiant energy emitted is supijlied from a tliin surface layer ; its 
si)ecitio heat is comparatively low ; and hence, the aiCtive emission of radiant 
energy from a thin layer at the suifoco results in a rapid fall of temperature. 
Where the land is moist the changes of temperature are less tlxou where it is 
dry or arid. Where it is covered by vegetation it is shielded both by day and 
niglit and its clianges in tempemture arc greatly reduced. Moi'eover, in the 
daytime tliei'e is much evaporation from the leaves of plants ; and, fuither- 
more, tliere is then a certain amount of work done by insolation in separating 
the carbonic acid that is absorbed by the leaves into its constituent parts, as 
needed in tlie growth of the idant. Both of these processes tend to lower the 
temiiemture that would be otherwise reached. 

The form of the laiid-sui'faco exorcisos a marked control on its changes of 
temperature from day to night. In a valley, free, imroturned radiation to the 
sky is diminished by enclosure between the hillsides. On a hill-top or mountain 
summit, where the liorizon is unbroken, radiation is most effective in reducing 
the temperature of the surface. This will be more fully considered in the 
chapter on climate. 

40 . Inter-radiation of air and earth. Wo have thus far examined the 
ohaiigcs biking idaoe in tlio different parts of the earth seiiarately, as if they 
had no effect on each other ; but this is not the (Uiso. The earth and the 
atmosphere act on eacli other by radiation and by conduction : both of these 
procesBCH are of moment. 

Just iw the rays from the sun warm the surfaoe of the earth, so the rays 
emitted £1*0111 the surface of the earth in tlui daytime aid in mising tlie 
temperature of the air. Terrestrial rays, howovtu*, ai*o weak compared to solar 
rays, and they are not actively absorbed by th<^ atmosphei^e, but pass out 
through clear air with alxnit as little loss as the solar rays suffered on entering 
tlirougli it. The strongest control of air tmuperaturos by rmliation from the 
eai-th will be in the lower air, near the radiating surfaoo 5 over the land, 
whose radiation is luiujh stronger than that of the ocojuis ; in vtdleys, where 
the concave huid surf* wo jiartly (uieloses the air that rests on it ; and when the 
air is somewhat dusty, so os to acquire more easily a sluiro of the energy that 
passes through it. 

Conversely, at night when tho land-surface has fallen to a low temperature 
by the escape of its radiation through the atinos])here, it becomes colder than 
the air near it ; then the air cools by moderate radiation to the cold ground 
But although these i)roceBses are iiniwrtant, it must be observed that the 
clianges of temperature thus produced in the air are slow and comparatively 
small, iw well as limited for the greatest part to tlie lower layers of the 
atmosphere. 
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It has been supposed that the air was a better absorber of tern'Htrial 
radiation than of solar radiation; and thus the ntiuusphui'u has Ihhiu eouipariMl 
to a trap which allowed sunshine to enter easily to tliu earth’s surrius', hut 
prevented the free exit of radiation from the eai-th ; water vapor, in partieiilar, 
was thought to be very active in this selective process. The general t(*m|)er!i- 
ture maintained by the atmosphere has been expljiined largely on these suit- 
positions, but recent observations throw grave doubt on Ixitli of t,hem. 
Clear air allows the coarse-waved radiation from tho eartli an eiisy outward 
passage. Water vapor is, like clear air, a poor absorltcr of nearly all kinds of 
waves. It is tr-ue that the presence of excessively line watei'-paH,ieh*s, 
sufficient only to make the air faintly hazy, greatly diminishes its power of 
transmission, or diathermance ; but water vaitor, that is, water in tiie giiseous 
state, is found by experiment to be aa poor an absorber as pure dry air, 'I’lio 
temperature of the air is, therefore, now explained as a result of its own 
absorption and radiation, lai-gely sided by suspended dust and by (wrluiu 
processes considered in the following paragraphs. 


41. Conduction. It is a matter of common experiemm that a liar of iron 
heated at one end becomes heated at the other end also. Tins is explaineil liy 
the spreading of the increased molecular agitation from tho lioattxl pari, to l.hi* 
parts less heated. Heat is thus said to flow from tho hotter to the eooler 
parts of a body ; and the passage of heat in this way is oalh'd riiiii/urtinii. It 
should bo noticed that in this process we have nothing to do witli tlm <'onv('rsion 
of energy from one form or nuuiifestation to another, im wiis tho oiiso both in 
the emission of insolation from the sun, and in its absorption on tlm eart h. 
Conduction does not involve a transformation of energy, hut oidy a distribid.iou 
of energy. 


Vaiuous bodies are veiy unlike in their ability to oonduot heat. Silver and 
OTpper are good conductors ; stone and water arc poor conductors, h’roiu this 
it appears that we shall be little concerned with tho downward e.on<luet.ion of 
heat from the surface of the land or water by day and in suiunmr, or with tho 
upwai-d conduction by night or in winter. On the land the ordinary diurnal 
changes of temperature are extinguished at a depth of a few bu-ti .and thi> 
annual changes are reduced to a very small value at a depth of twenty or 
thirty feet. The downward propagation of summor warmth from tho surfa.-c 
IS so slow that it is not felt at a depth of twenty-flvo feet until the following 
winter; and at that depth the annual range of temperature is radueed to 
somewhat less than one twentieth of its value at tho surfime. h’ig ;ia 
illus^tes these facts, as determined by observations at various depths -it 
Muni(ffi,Ba^a. The time and depth at which certain temperatures o....ur 
are indented by the curved lines, the values being given in meters and centi- 
grade degrees. 
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Snow is an extremely poor conductor of heat. The surface of a sheet of 
snow may become extremely cold during the long clear nights of winter, when 
radiation goes on almost unimpeded, but this surface cooling is very slowly pro- 
IKigaU'd downward, and its amount rapidly decreases underground. 

Tim air as a whole varies in temperature so slowly from part to part that 
tioiidimlhni within its mass has little play 5 except in the minute way of 
gaining heat from dust i)ai-ticlca by day, and losing it to them by night, as has 



already b<*.cni referred to. liut with the lower strata of air, in contact with 
l,lu« sea and the land, the ease is different. Hero it often happens that a 
eousiileraldo differeueo of temperature exists between the air and the surface 
on whiidi it lies, even within a distance of a few feet; and at such times, 
<-,ondnel,ion is effe(»tive. It is aided by r(uliatioii, for this, like conduction, 
vivries dircwtly with the eontnist of temperature, and inversely with the 
dislanci* Imtween the lK)dieB <i()ucenied: but for the moment, let ufl consider 
ehietly Iho ease of conduction. 


42 . Conduction of heat between the air and the land. Consider the case 
<if a liigli plateau in a noithern latitude during a long winter night. Let it be 
far from the tiunpering eff(!c.ts of any ocean, as in tho center of the great land 
area of Kurois-Asia. Tlui surfacm of the barren ground must become excM- 
sivelv cold. The thin, pure air alM)ve its elevated surface offers slight impedi- 
ment 1.0 the (WMipe of its beat by rwliatiou ; tin! diyness of such a 
ensures that tlu! sky sliall b.! cloudh-fls ami that little or 110 vaimr sh^l be 
<.„n.l,.UHe.d <.u the ground to rcd^ird tl«! cooling by the liberation of latent heat ; 
U... of .toytiou, iH ».«k .o,,l lart. only « tow l.o™, ^ 

ot to g.. .m ..iglit »ttor oight w.tl, miJl 

llu! ground tliiLS cools rapidly to a low temperature, the thm, clean air hig 
!vbov.! it cools but little ; but the layer of air next to the surface of the platea^ 
being ill the uoigliborliood of a much colder body, loses much of its heat by 
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oonductiou to the cold ground j for while the air cannot carry much heat by 
conduction, the little heat that it does carry suiRceB very effectively to reduce 
the temperature of a substance so light and of so low a specific heat os air is. 
Supplemented by radiation, the actual cooling Of the air near the ground at 
such a time is much greater than that of the air above it. 


43. Inversions of temperature. Beference has already been mode to the 
general decrease of temperature encountered as we ascend in the atmosjdiere ; 
but in the oase of the air over a diy plateau on a long winter night, the cooling 
of the lower layers may be so great as to reduce them to a decidedly lower 
temperature than that of the air at the height of several hundred feet aloft. 
Such a condition is known as an inveTauni of tewpemture. It may be illustrated 
in the following diagram. 

Recalling the explanation given in Section 36, we have in Fig. 4 the mean 
vertical temperatui'e gradient, AB, indicating the usual rate of decrease of 

temperature upwards from the plateau surface. 
This condition may prevail about sunset, the tem- 
perature of the air then being between the extremes 
of high noon and late lught. When the sun^s rays 
are no longer felt, the cooling that had begun in 
the afternoon is continued for a time more rapidly ; 
and the whole mass of the atmosphere is somewhat 
reduced in temperature, as indicated by the hori- 
zontal lines at various altitudes. At the stuiio 
time, the surface of the ground cools much more 
rapidly, and by midnight it may have fallen to a 
temperature close to Fahrenheit zero. The air 
near it is also greatly cooled by radiation and 
conduction to its cold surface, and before morning 
falls to a temperature, B, much lower than that of 
the air at 0, a thousand feet above the ground. 
The decrease of tempei-atui'e by radiation from the 
ground progresses rapidly at first, when it is but 
little cooler than the air above it ; hut late at night, when a strong contrast of 
temperature between ground and air is developed, further cooling of the 
ground, and thus of the air close to it, is somewhat checked by radiation from 
the warmer air about the height of O. The strong ourvatiu*e of the line 
representing the peculiarly reversed vertical temperature gradient in the lower 
air at the late hour of greatest cold, gives clear illustration of the conditions 
attending such inversions of temperature as are here considered. 

As the. lower air cools, its expansive force decreases ; the overlying air, no 
longer borne up by expansive force equal to its weight, settles down a small 
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distance, compressing the air beneath, and thus increasing its density and 
restoring its expansive force to its former equality with the weight from 
above. This process is not intermittent in iiatiii'e, but is continually operating 
at eveiy level in the atmosphere to maintain the equality between the down- 
ward weight from above and the upward expansive force from below. 

Inversions of temperature are of niuoli coininouor occuirence than is gen- 
erally understood. They probably occur to a greater or leas degree eveiy clear 
night on our diy western ijlains. Examples of their effiiots may often be seen 
in a fliuttll way in late spring frosts, when the lower leaves of a shrub may be 
niiqied, while the upper branches are unliarnied. In a lai’gcr way, and aided 
by other processes, tlie milder temperature of low hills than of adjacent val- 
hy bottoms at night will bo explained in Section 249. It will also be shown 
in Section 159 that the quietness of the air at night d(q>euds largely on the 
occuiTcnco of or approach to tompeiuturo inversions of the kind thus explained. 

Other examples of conduction might be mentioned in tho coso of winds of 
one temperature blowing over land or water of another; hut as this involves 
the movement of the air in largo curronts, it will bo postponed to Section 193. 

44. Convection in water. There is another procioss, (udled convection, by 
which unlike tiuuperatimw are partially equalized in liquids or gases. This is 
of great importance in tlu^ atmosidierc. It may be lirst illustrated by a simple 
example in the (uise of water. 

Wlum a vesHol of wat(U* is heatcul at the ])ottom, th(i wtirmed layer is ex- 
panded and thus mmle lighter than an e(iujil volume of cooler water above it. 
In (lonsequenee of this iinstetuly arrangennent, the licuivior overlying water is 
drawn downward by gravity, displaciug the bottom laytu', which then rises to 
the surface'. It is our (unnmon habit simjdy to say tliat the warmed lighter 
lay(»r jisccmkIh; but it must not b(^ forgotte'ii that its rise is a passive process^ 
ami that really ae^tive ])r()coHS is tlsi deseu^nt of the overlying wattu*, wliich 
is drawn down by gravity, lly coloring tlu'. boifcoiu layer, its asexmt through 
the overlying layer may Ik*, easily ixo’ciu veul. I f the teinimrature 1)0 at first imi- 
form throughout, it will be notieuul that the warmed water from tho Imttoin is 
raiseul to the very top of tlu^ liepiid, maiiibiining its higher tenq)oratnre all tho 
way, exe.(^l)t for a slight loss by conduetiou and niixturo during ascent; while 
all the r(»Ht of the watc^r setth's down a little disteuco towards the bottpm. 
Then tln^ new bottom layt'r r<q)eatH the j)rocesH; and so a circulatory motion is 
established. This is calh'd a e.onviudional (nre.iihition, and by its means the 
('ntir (3 volume of water will Im) warimnl to almost as high a temperature os is 
maintained at the bottom. It d<q)ends essentially on the disturbance of a con- 
dition of rest by tlm introdne.tion of a change in the temperature and a conse- 
quent oliange in the demsity of the water, which is, therefore, followed by 
motion under tho tuition of gravity. After this deliberate explanation of the 
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oonveofcional process, its further statement may be marie more brief by hj wak- 
ing only of the ascent of the Trarm under layer, with which wc are gcucrully 
most concerned. 

45. Conduction and convection in the atmosphere. Conduction in the 
atmosphere was illustrated by the cooling of the lower air at night, wdicn it 
lost heat chiefly to the colder surface of the ground beneath. This c.haiigc of 
temperature is not followed by convection, for it leaves the heavicist layer of 
air at the bottom, and does not give gravity any opportunity to canso motion. 
In the day-time, however, conduction is followed by convection, wdiicih i.ln‘n 
becomes an active process. Let us consider the case of the air ovi»r a dry 
plain, beneath au unclouded tornd sun. The ground wanns rapidly in 
morning, and soon becomes hotter than the air which rests upon it. Condius 
tion, aided as at night by radiation, increases the temperaturii of tho Hurl’acc^ 
stratum of air. This stratum then expands, and lifts up the ov(*rlying nir by 
a small amount, thus reversing the process of the night bt'fore. A. juu'.uliar 
optical effect may then be produced, which must be considered brieil}'. 

46. Uirage.^ As the morning advances, the lower layer of air on a lev(*l 
suif^ may become so superheated, while still lying for a tinu^ b(Mu*;il.h tin* 
cooler heavier air, as to gain a strong vertical temi)eratiire gradient near ilie 
ground and produce the singular effect known as iniragt^. This is hihui when 
the eye of the observer is a little above the surfsieo of the superheated 
stratum, so as to receive the rays of light that have Ik'jui refl(‘e.t.<»d from il.; 
thus frequently causing it to be mistaken for a sheet of wati»r, wil.li whose 
reflection of oblique rays from the sky to the eye we arii familiar, Miragt‘s 
of this kind are often observed on our barren westeni plains (Seet. 

A perfectly stagnant atmosphere might be imagined in wliicili alb‘riial.n 
cooling by night and warming by day caused a corresponding rise! uml fall of 
the upper atmosphere once in twenty-four hours. In this ease tlu^ work done 
iu lifting up the upper air by day would he equal to that done in (wniipressing 
the lower air at night. But such a process can liardly bo supposiid t.o proe(‘(‘<l 
without interruption by currents of air of some kind. 

47. Dust whirlwinds. It is not uncommon for desert niiragi»s to dis- 
appear rather suddenly, and at the same time a local dust whirlwind springs 
up. This means that the superheated lower layer that has lain for a time 
delicately balanced under the heavier overlying air, like a layer of oil undi'i* a 
sheet of water, at last loses its balance and literally upsets. It then drains 
awy upwar^ being urged to ascend by the descent of tho lieavi(*r ovm'lying 
adi;.^ The whirling of the ascending current results only because^ all the iines 
of indraft towards the point of upward escape fail to meet preeistdy at tlm 

1 A word of French origin, meaning reflection; pronounced mcerazh. 
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•center; tliey miss their aim to one side or anotlier, and thus establish a rotary 
motion, which once assumed is not easily stopped. As the motion becomes 
brisk, dust particles are gathered vip by it, vibrations are excited in its spiral 
•currents, and the whirlwind becomes visible and audible. The dusty columns 
thus produced may rise to a height of a thousand or more feet, where the air 
currents spread out horizontally. Such whirls are not common on uneven 
surfaces, for there the lower air docs not remain long enough close to the 
ground to become superheated; nor are they seen frequently on surfaces cov- 
ered with vegetation, even though level; partly because such surfaces are 
seldom so hot as desert surfaces; partly because less dust lies upon them, by 
which the ascending whirls might bo made visible. But the couveotionol 
ascent of the surfacjc air in a small way is easily i>erceived on almost any 
worm, clear, quiet day by looking over the brow of a gentle rise in the greund; 
the air is then seen to be unsteady an appearance due to the passage close 
past one another of small currents and films of air of different temperatures, 
in which the rays of light are irregularly refracted. The same appearance 
may be seen close along side of a hot stove, and for tho same reason. 

It is manifest that convection must have much infiucnco in raising the 
tempereturo of the air during the day-time; for, os long as it continues, one 
layer after another is brought close to tho ground, where it is most effectively 
warmed, and whence it ascends to considerable) altitudes in the atmosphere. 
Moreover, if no convection took place, tho land-surface and the air lying close to 
it would become unsupportably hot under strong Hunshine. In warm seasons 
and r(‘gions tho convectional ascent ^(f tho lower air may reiich a height of 
several miles during the hotter hours of the dtiy, while at night tho effective 
cooling of tho air by conduction and radiation to tho ground is limited to a 
layer a few hundred feet thick. 

48. Difference between convection in liquids and in gases. Tho oonvoo- 
tional circulation of liquids does not involve any change of temperature iu the 
ascending and^ descending currents, cxcejit such as may follow mixture and 
conduction. With gases an impoitant change of t(»mporaturo occurs; a cool- 
ing in the ascending currents, and a warming in the descending currents of the 
circulation. This is entirely iiid(‘pendciit of tho action of mixture and con- 
duction. It may be briefly explained as follows. 

49. Change of temperature in vertical currents. The lower air, about to 
ascend, has a certain temperature and a corrcspoiiding expansive force when it 
begins to rise. As it reaches higher levels, tho 2 )ressuro U 2 }on it is less; it 
therefore expands, ]nishing away th(’» Huri-ounding air to make room for itself, 
until, as a result of its expansion, its expansive force is reduced to equality 
with the pressure upon it. It follows, however, from oxpeiHiment, as well os 
from the mechanical theory of heat, that in pushing away the surrounding air, 
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the asoending air muat expend some of its energy; and this expenditure is 
drawn from its store of energy in the form of heat; henoe the ascending air 
is cooled hy the very processes involved in its ascent. The rate of cooling 
thus produced is accurately known; being 1.6“ on the Fahrenheit scale for 
every three hundred feet, or 1® on the centigrade scale for 100 meters of 
ascent. A similar change, but of the reverse order, occurs in the descending 
members of tlie convectional circulation. As the descending air settles down, 
other air rolls on top of it; it is thereby compressed to a slightly greater 
density, and its temperature is raised. When air is thus changed in tempera- 
ture, it is said to be mechanically warmed or cooled. Such changes are also 
called adidbatio, meaning thereby that they are produced without the passage 
of heat to or from the air. 

60. Conditions of local convection in the atmosphere. The general 
account of convection now given makes it clear that tliis process cannot 
take place at night, when the air on the ground is colder and consequently 
heavier than that above it; on the other hand, convectional ovei*tiiruing must 
occur in the day-time, for then the bottom air is warmed, and may thus 
become light compared to that above it. But the precise amount of tempera- 
ture contrast between the surface layers and the overlying air, or in other 
words, the precise value of the vertical temperature gradient tliat will allow 
convection, remains to be determined. A closer understanding of tliis prob- 
lem may be gained from the following diagrams. 

61. Nocturnal stability. Let JSKF, Fig. 6, represent the value of tlie 
vertical temperature gradient in the quiet nootumnl air over a plain at a timo 

of temperature inversion. Suppose a 
small volume of the surface air is raised 
to the altitude, H, As it ascends, its tem- 
perature will decrease at the adiabatic 
rate of 1.6“ for every three hundred feet 
of ascent. This rate is ccSistant at wliat- 
ever tempemture the ascent begins; it is 
indicated by the inclined line,- or adiabatic 
gradient, MG?' When the surface air lias 
risen to the height, its temperature 
will be lowered to X, its altitude and tem- 
perature being both indicated by the point, 
Qm The temperature of the surrounding 
air at the height, is jB7; hence tlie air 
that has been raised has a temperature EJL degrees lower than that of the air 

1 In all diagrams of this kind the adlahatlo rate of cooling will be Indicated by straight 
broken lines. 
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that it has risen into. It will therefore be much heavier than the surrounding 
air, and consequently, if no longer sustained, it will sink down to the ground 
before finding any air of its own temi^erature. It must be concluded from 
this that the lower air on plains duiiiig clear, quiet nights is not disposed to 
move; and that if disturbed, it will tend to return to the position that it had 
before the disturbance. The air is then said to bo in a stable equilibrium. 

62, Diurnal instability. Consider next the conditions found at noon, 
when the lower air luis been wormed many degrees, and the vertical temperar 
tur(>. griulient has taken the value, 

CMD^ Fig. G. Eopeat the iniogiiinry 
experiment of raising a small mass of 
surface air to a height, N. From 
having a teiiiporature, C, at the ground, 
it will bo mechanically cooled by ex- 
pansion to a temperature (correspond- 
ing to tluc point N. The surrounding 
air at the same height has a tempera- 
ture, Jl'f, or MN dogrecis cooler than 
that of the air that has been raised 
from tlio ground. The latter will 
th(*r(»foiii 1)0 lighter tluui the air into 
which it has risen, and it will con- 
tinue to ascimd, cooling at the {uliur 
batic rato as it goes (no acMcount being ^ 
tak(‘n for the present of loss of heat 
by nuliation or conduction), until it 
encounters air of its own tmiiperatiiro, as at D, where it will spread out later- 
ally. Above this lev(d it (cauiiot rise, for at greater heights it would become 
(col(l(u- than the surroundiug air. Noon-timi*, therefore, generally presents the 
(coiiditioiiH of iimtiibility in a greater or loss degree. 

The value of the v(crti(cal t(*mporatur(^ gnulieiit at the time when the 
stability of night was chang(!d to tlie instability of day should be determined. 
Th(c ehiuigo must liave mtwie its ai)i)oaraii(JB imar the ground, where the warm- 
ing of the air pro(uuuls most rapidly in the early luomiug. Instability occurs 
as soon as tlio lino of the verticcal temi)eiiituro gradient is carried, in shifting 
from its nocturnal to its diurnal form, past parallelism with the adiabatic line. 
From this time on, till the warmest hour of the day is reached, the tempera- 
ture of the middle air will dei)end chiefly on the oonveotionol asoent of air 
that has been wormed close to the surface of the ground. 

The same diagram may bo used to determine the altitude at which the con- 
veotional ascent of the lower air will be most rapi(L This will be where the 
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temperature of the asoending air exceeds by the greatest amount the tcmpei*a- 
tuie of the air through which it ascends; or at the height^ where the 
gradient line is parallel to the adiabatic line. Moreover, all the air below this 
altitude is unstable, compared to the air for a certain distance above M, The 
instability of the surface air is stronger than that of any layer above it; the 
surface air will ascend to a gi’eater height in the atmosphere. The air at a 
height, P, may ascend to the height, Q ; but the air from the ground may 
ascend to P. It is manifest, however, that unless the ascending moss is of 
greater volume than would ordinarily be found in diuwial convection, its tem- 
perature would be reduced by mixtui’e and conduction, os well as by expansion, 
during ascent; and hence it would find air of its own teuiperature and cease 
rising at some level, P‘, of less altitude than P. At the same time, all the 
air through which it rises would be warmed by the heat taken from the ascend- 
ing current. Thus convection is effective in warming the lower atmosphere. 
The stronger the excess of temperature in the lower air, the higher it may 
ascend, and the more effective it will be in warming the air. Convection will 
therefore characterize the day-time of warm seasons and hot regions of the 
land, and in those seasons and regions, a considerable thickness of the lower 
atmosphere will be warmed by this i)roces8. 

58. Explanation of convection by analogy. In any such process as this, 
in which motion follows a change of temperature, we find an interesting illus- 
tration of the expenditure of solar energy in the i)erformanoe of work on the 
earth. It may be compared with the running of a clock hy a weight. We 
wind up the weight against gravity by the expenditure of muscular (uiergy, 
which is only solar energy conveniently stored for use when wanted. Gravity 
then pulls down the weight and sets in motion a train of wlieels whoso 
velodiy is detemined by the resistance of the escapement under control of 
the pendulum. 

In an analogous manner the sun warms the lower air, which expands and 
raises the upper air against gravity; gravity then pulls down the ui)per air, 
and in so doing it sets certain currents in motion at a velocity detenjiined by 
the resistances they encounter. Whether the motion is that of a great wliirl- 
wind or of a little filament of ascending air, it is in all cases the result of the 
descent somewhere else of a mass of air that has been raised against gravity 
by the action of insolation. 

64. Local convection Illustrated by clouds. A familiar effect of convec- 
tion and of the adiabatic decrease of temperature that goes with it may bo 
seen on nearly every fair summer day in the formation of clouds of greater 
and greater size as noon approaches, all with rather even bases at about the 
same altitude of a few thousand feet, and with rounded summits which may 
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often be seen to grow upwards, if watohed carefully. Such clouds result from 
the convectionol ascent of the lower air under the action of sunshine ; for as 
the air rises, it gradually cools until its vapor begins to condense ; then clouds 
begin to form ; and as in a given region the lower air has a tolerably uniform 
temperature and moisture near the ground, the base of all the clouds formed 
in this way on any morning will l)e at about the same height. Condensation 
thus begun continues as long as the upward current is maintained ; the convex 
form of the top of the ascending current is cleaidy shown in the rounded 
form of the cloud that is i)roduoed in it. Clouds of this kind, known 
as cumulus clouds, are common in fair summer weather over our Atlantic 
states ; they are not so common further in the interior because there the 
surface air is drier, and a higher coiivectional ascent is necessary to produce 
them. They are rare on deserts, for in spite of the active convection of such 
regions, the surface air is so dry that ascending currents are not cooled 
enough by the expansion of their ascent to moke them cloudy. (See also 
Sections ’ 196-201.) 

Wlien the dust whirls of desert plains are carefully watohed they may be 
seen to spread out laterally after reaching a cei'taiu height. This means that 
at that height their ascending air is cooled, chiefly by expansion, to the same 
temperature as that of the air into which it has risen ; above that height it 
cannot go. In thunder-clouds also, which are simply examples of convection 
on a larger scale, a height is reached at which the temperature of the ascending 
current is reduced to equality with that of the air into which it ascends ; at 
that lev(d the cloud-bearing cun’ent spreads out laterally and produces the flat 
outspremling cloud-cover by which thundoiMilouds may be recognized from 
afar, even wlien their thunder cannot bo lieard, and when their bases arc below 
the horizon. This will bo more fully coiiaidcrcd in the chapters on clouds and 
local storms. 

It follows from the preceding paragraplis that oiu* atmosphoi’c (jannot liave 
a uniform vertiwil distribution of tmnpcratun^ as long os (‘.onvoctioual motions 
take phwic in it. IFowover active the convec.tion, however warm tlui lower air, 
it must cool jis it rises. However long the i)ro<5es8 is continiKul, the uj)por air 
can never become as warm m the lower air. 

66. General vertical distribution of temperature. The foregoing deliberate 
examination of the i)r(}cesseB of absorption, radiation, conduction and convection 
should enable the reader to understand clearly the general vertical distribution 
of temperature in the atmosphoni. 

The ui)p 0 r air, pure and dry, fret^ from c.louds and dust, far from the 
surface of the eai*th and out of reach of ordinary coiivectional action, must 
possess a low temperature and must change its temperature slowly and by 
small amounts. 
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The lower air, oontadniiig many duaty impurities and sustaining iminorouH 
clouds, lying near the surface of the sea or land, must generally posMims liiglu*r 
temperatures than the upper air and must generally agi'ee cl«)S(dy with tlio 
temperature of the surfece on which it rests. If on tlio otujaii, its diiuiicil 
variations of temperature are small, even though a little greater tluui thoHiM>i' 
the Oceania surface ; the temperature of the air at sea will vary (*.hi(*ny with 
changes of the wind. If on the land, the temperature of tlio air varies <»ver a 
strong diurnal range, and the variation thus produced is gri^attu* than 1.hat 
ordinarily cansed hy changes of the wind over a large poit of the torrid himl 
area. In the temperate zone the diurnal changes are strongest in the sininncr 
season and in clear weather, hut in winter they are exceeded by tlie ■wanning 
or cooling that accompanies the stormy shifts of the wind, as will ho (‘xjdaimMl 
in the chapter on storms and further considered in the account of tln» wt^aiher. 

56. Review. We are now prepared to appreciate the actual diKtrilnition 
of temperature over the earth in time and place. Tlie arriuigcaiu'nt of ilu* 
atmosphere about the* earth has been examined. Tlio jdiysical priHu^sso.s 
involved in the control of atmospheiio temperatures by tlio sun have h(‘on 
carefully studied. The terrestrial sphere may be conceived as turning rapidly 
on its axis as it moves along its orbit, always exposing a lialf of ihs surfaco i.(> 
the sun and thus intercepting the minutest portion of the vast sliowio* of 
radiant energy emitted by that enormous globe. With the chuug^^H from 
day to night and from winter to summer every poii; of tlio earth is shono 
upon. While the pai-ta in shadow are cooling, those uiidor HuiiHliim^ an* 
warming; and the increase of temperature, gained chiefly at the, bottom of 
the atmosphere, has been found to excite vertical interchanging (uirrmit-K hy 
which a considerable thickness of air is wormed. The next c]ia])t(*r might 
naturally be concerned with the temperatures at different paits of tlio world 
and in different seasons of the year; but this will be postponed until 
another effect of insolation is examined. 
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CHAPTER IV. 

THE COLORS 07 THE SKY. 

57. The facts to be explained. The colors of the atmosphere include 
those of the open sky, of the hazy air^ and of the suspended clouds. The 
colors of clouds will be considered in a later chapter in connection with the 
clouds themselves. The colors of the open sky are here briefly described and 
explained. It is advisable to consider them under two conditionB of illumina- 
tion : flrst^ when the sun stands at a considerable height above the horizon ; 
second, when the sun is near rising or setting, either above or below the 
horizon. 

Daytixne colors. The colors of the clear sky when the sun is ten or more 
degrees above the hoidzoii are for the most poxt shades of purer or paler blue, 
becoming white and glai'ing in the close neighborhood of the sun and turning 
pale or whitish towards the horizon. The clearer the weather, the purer the 
blue, and the less the share of white both near the sun and upon the horizon. 
The higher the observer rises above searlevel on mountain peaks or in balloons, 
the deeper the bhie 5 the illumination of tlie sky is indeed then fainter, but 
the color produced is sti'onger. In the lower air the blue color fades away as 
haze increases, and the sky becomes whitish and more luminous ; it may turn 
didl gray or yellowish when susiiended matter is in great abundance, os in the 
neighborhood of forest fii’es. 

Sunset and sunrise colors. When the sun approaches the horizon and 
passes below it, the intensity of sky-light decreases and the variety of color 
increases very greatly. As the sun sinks out of sight the most marked change 
from the blue of the open sky is seen in the appearance of a glowing semi- 
circular or oval area, whose centre is somewhat above tlie sun and whose colors 
pass from a silver white through a glowing yellow to a delicate pink or purple- 
rose color, reaching about twenty-five degrees from the sun. 

The brilliancy of the purple or rosy light is greatest when the sun is about 
foTur degrees below the horizon; its strength then decreases os the sun 
descends further, until when the sun is six or seven degrees below the horizon, 
the glow fades away. In the very clearest weather the first glow is succeeded 
by a second and fainter glow. 

During the development of the first glow a series of horizon colors extends 
north and south of the point of sunset, increasmg for a time in strength of 
coloring but at the same time decreasing in brightness. These colors are at 
first yellow, grading rapidly upwards through a greenish tint to the blue sky 
above, and fading away much more slowly along the horizon some sixty 
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or eighty degrees diataat ftom the sm As the sun deeoe^, tlio yellow belt 
the Sizon turns to orange and then to red ; the whole baud narxywinjf 
at the same time, and hiding when the depression of the ran luaounte to six 
or seven degrees. A second but fainter series of horizon colors may ao(!omi«uiy 
the second purple Ught The pale western twiUght that roimuus affair tlio 
disappearance of the glows and the horizon colors, is lost whou tlwi sun in 
about sixteen degrees beneath the horizon; but the beginniug of dawn ocimim 
when the sun is one or more degrees further below our line of sight. 

Accompanying the western colors of sunset there is a series of well- 
marked colors on the eastern sky. Just as the sun reaches the western 
horizon, the eastern horizon is marked with a pink band of color grading 
upwards into blue. As the sun sinks in the west, the pink baud rises in the 
east, in the form of a bng, flat arch resting on the horizon at points uiiiety 
degrees from the place of sunset Below the pink band, which is called the 
twilight arch from its form and time of occurrence, there apimars a Isilt of 
dull blue; in dear weather and level countries the contrast between the arch 
and the bine color beneath it is very distinct for some minutes after suiisut: 
but with the rise of the arch above the eastern horizon, the alinrpuoss of its 
separation from the blue belt fades away, and on reaching a height of from 
ei^t to twelve degrees it is hardly perceptible. 

All of these sunset colors are seen at their beat only iii the <d(Mirost 
weather. Indeed the degree of their development may be taken as a wisithor 
prognostic, indioating the changes of a day or two to oome with oousideralilo 
accniaoy. Turning to the opposite condition of more and more hazy or turbid 
atmosphere, we notice at first an increase in the strength of the yellows and 
reds along the horizon, and at the same time a decrease in the distiuetuess of 
the rosy glows. As the air becomes more and more turbid, the glows dis- 
appear entirely, and the horizon colors become dull, until iu smoky air iioiui 
of the colors appear except on the ann itself; its disc becomes orange, and 
finally deep crimson as it approaches the horizon; then it may even fadi* 
away before setting, leaving the western sky a dull leaden gi’ny, without a lint 
of the usual sunset colors, and the eastern sky devoid of its twilight areh. 

Sunrise is characterized by a very similar succession of colors, b\it in 
reverse order, and generally of somewhat fainter tints than those of suusitt. 


ExpLAB’ATION OB' CoLOB DST GsiBBiBAl,. 

fiSi Nature of color. Before proceeding to the special explanation of the 
colors of the atmosphere, a brief statement may be made of the nature and 
origin of colors in general It must be remembered in the first place that the 
sensation of light depends upon the reception in the eye of certain undulating 
rays emitted by what we can luminous bodies, and transmitted by the hyi>o- 
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thetioal ether, already explained in Section 24. Moreover, luminous bodies. 
send out rays of a great variety of wave-longtlis, many of which our eyes 
cannot perceive, perhaps beoauee tlie media of the eye ore not transparent to- 
them. Only tha rays whose wave-length is between 0.00036 and 0.00076 mm. 
can be seen. It is possible that “seeing light” is simply the sensation of 
heat produced in the optic nerves by the absorption of the rays that reach the- 
retina. The greater the amplitude of the waves, the more intense the light. 

Color is determined by the proportion of rays of different wave-length. 
When the intensity of the various rays exists in the proportions occurring in 
ordinary sunlight, we get no sensation of color, and the light is then called 
white. If any of the rays ai‘e unduly intense, or if others are unduly 
weakened, tlie light is colored. A red light, for example, is one in which the^ 
coarser rays are more intense; a blue light, one in which the liner waves ore- 
more intense. But in all natural colors there ore rays of a great variety of 
wave-length, and the color that we perceive is determined only by the action 
of the more intense rays. This is easily shown by looking at a colored object, 
through a prism. The green of foliage, fur exam] do, is thus found to be 
meredy green in excess; nearly all other colors of the spectrum being per- 
ceptible in it. So the blue of the sky or the red of sunset contains on almost- 
full scries of other colors, but the rays whioli determine the color are of the 
greak'st intoiisity. 

If Biuilight in tlie ordinary proiiortions gives tlie sensation of white 
light, we must iiKpiire into the 2 )roces 8 es by which its iionnal (?ompoRition is 
so changed as to give the various colors of the sky at one time and another. 

59. Selective absorption and diffuse reflection. Mtiny solid o 2 )aquo sub- 
stances absorb rays of one wave-length iMjtter than tliosci of another, Thci 
rays iucid(mt on such bodies are thus divided into two classes; the one 
absorbed, and the other irregularly tinned hack or dilfusidy reflected.^ It 
has already heoii oxidaiued in the eJiaj»ter oil tli(» tcini)eraturo of the atmos- 
phere tluit the absorbed rays raise tlie teinjsu'aturo of the absorber and 
increase the intensity of tlu^ radiation eiuittiMl by it; Imt at ordiiiaiy tempora- 
tures tlie rays thus eniittc^d are of great wave-hmgtli, ( 2 uite iiiii)orcoptiblo by 
tlie eye. On the other hand, the diffusely rciftecfiul rays depart unchanged in 
wave-length; but the iirojiortioii of various wave-hnigths in the reflected light- 
is greatly altcuuul from the normal pro])orti()nH in the iiuudeiit light. The 
illnminat(‘.d object then a])pearH to have a color corresponding to tliat of the 
rays tliat are in exiiess. Thus the gri^eii of foliage is jiroduced; not that all 
colors but green oi'e absorbed and green alone is reflootod, but that green is 

^ It is probable tliat dlllractioii also takes place to a largo extent on the rough surface of 
ordinary substances; but the whole process is commonly iiidmled under the term, “diffuse- 
reflection.’* 
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less absorbed and more tamed aside tlian the other colors. This process is 
more important than any other in determining the color of objects on the 
earth^s surface; but it is not known to have application in causing the colors 
of the atmosphere. 

60. Selective absorption and transmission. Transparent substances, 
whether solid, liq^oid or gaseous, are sometimes colorless, sometimes colored. 
Colorless objects, such as glass or water, permit the nearly free passage of the 
optical rays, although they may absorb rays of other wave-lengths. Colored 
transparent substances exercise a selective absorption on certain of the optical 
rays, allowing the others to pass, and thus determine their color; thus the 
yellow of amber, the tints of various inks and the green of chlorine gas are 
produced. It is possible that this process has a share in determining some of 
the atmospheric colors; but it does not control them, as will appear further on. 

61. Selective scattering. Wlien a transparent substance, either solid, 
liquid or gaseous, oontains suspended in it a great number of excessively fine 
partidLes whose dimensions are smaller than the wave-lengths of light, the 
rays that would otherwise be allowed to pass unobstructed are scattered or 
diffracted in all directions on every particle; but the finer waved rays are 
more eflfectively turned from their path than the coai-ser waved rays. The 
light that passes through such a turbid medium in the direction of the original 
rays therefore becomes more or less yellow or red; while that which depai*ts 
laterally has finer waved rays in excess, and appears blue. This may be illus- 
trated by a simple experiment with a flask of soapy water; on looking through 
it towards a source of white light, the liquid appears somewhat yellowish or 
orange; looking across the direction of the illuminating rays, the same liquid 
appears to be bluish. A column of smoke may also appear of different colors, 
according to its illumination. If looked at against the sky, it seems to be 
brownish yellow; if viewed against a dark background of heavily shaded 
trees, it appears blue. This process of selective scattering is of much import- 
ance in explaming the colors of the sky. 

62. Diffraction and Interference. The particles in a turbid medium may 
be of larger dimensions, than the wave lengths of light. Then the rays that 
are scattered or difiraoted from the opposite sides of a single particle may 

interfere’’ and extinguish each other. This process oaimot be explained 
here; but its effects may be examined by looking at a source of white light 
through a glass plate on which lycopodium powder is scattered. The light 
will appear to be surrounded by concentric rings of prismatic colors, with blue 
on the inside and red on the outside. If the diffracting particles are numer- 
ous, the rings Will be bright. If the particles are all of one size, the rings 
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will be sharply defined with distinct colors. Large particles i)PoduoG rings of 
small diameter; small pcOiticles produce laj.*ge rings. If the poiiicles ai‘e of 
many sizes^ the colors of the Loi'ge and small rings overlap and blend into a 
disc of white light, brigliest close to the center; the disc may be bordered 
with a reddish tinge, when the miu*ginal color of the enter ring is not wholly 
lost Such a disc may be colhul a diffraction glow. This process is important 
in explaining certain sunset colors, as well as in accounting for the coronas or 
colored rings around the sun or moon in thin clouds. 

63. Refraction. When a beam of light passes from a rarer to a denser 
medium, it is bent towards the vortical to the surface separating the two 
media; and the finer waved rays oi’e bent more than those of greater wave 
lengths. It is thus that white sunlight is broken or refi'acted into the 
colors of tlie spectrum when passing through a transparent prism. We shall 
find application of this process chiefly in accounting for halos and rainbows in 
a later chapter. 

Explanation op the Colors op the Sky. 

64. The dust of the atmosphere. The general blue color of the sky is 
best accounted for by tlie process of selective scattering, os explained by Lord 
Rayleigh. As this depends on the presence of innumerable sub-microscopic, 
non-gasoous ^larticles in tlie atmosphere, a paragraph may be given to their 
probable origin and constitution. 

The atmosphere is known to contain a vast number of minute particles, 
solid for tlio most part, and commonly named thtst. The coarser particles will 
settle from a body of air if it is allowed to rest quietly, and in speaking of 
dust we commonly refer only to sucli particles as can easily bo collected foom 
the air when it is still. But there is very good reason to think that the im- 
purities of the atmosphere include myriads of particles vastly finer tlian those 
to which the name, dust, is ordinarily apifliod, and in S])eaking of atmospheric 
dust in this chapter, all pariioles from the coarsest to the finest will he 
included. 

Tlie atmosphere receives its dust chiefly from the earth. It is carried up 
from the lands by the wind; it is blown out of active volc^anoes; some of it 
comes from salt in the ocean, remaining in the air when spray from the waves 
is evaporated. An undetermined share must come from the combustion of 
meteors high above seorlcvol. Water vapor, condensed into tlie minutest 
drops of water or orystals of ice, may iirovide much of the so-called dust. 
The ooai'ser dust for the most part being received from the land surfaces at 
the bottom of the atmosphere, it is natural that its greatest amount should lie 
found in the lower layers of air over the continents; but it is borne so easily 
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the windp that it is carried to and wide over the earth. VessclH in tlio 
Atlaatio, west of the Sahara^ may have their sails reddened by fulling diwt 
that has been carried out from lie desert by the trade winds. As wc^ 
above sesrlevel, even in regions reputed to have a clear atmos 2 >hero^ os in Italy 
or on the Azores, the lower strata seem like a dusty ocean abovo wliir.h l.lu^ 
clearer air of the higher regions floats. Yet it is conceived tliat i)Vi>u tlu' 
upper air contains innumerable particles of a size so small that in HinU\ of 
their distribution through the great volume of atmosphere, tlieir total ([uati- 
tity is not great, and their falling towards the earth is prevonttul by tht^ 
famtest ascensional current Although below microscopic siglit, tlic^y luimt 
not be confused with the molecules of the atmospheric gases, which to the 
beat of our knowledge of a to greater degree of minuteness. The ntinoHphoi*<>i 
must therefore be regarded, even when apparently clearest, as a wlightly 
turbid medium. 


65. The blue of the sky; selective scattering. When a beam of white 
light passes through the turbid atmosphere, the rays laterally HcattcM'cd in 
all directions from the path of the beam will contain a greater share of blue 
than of red light. The coarser the particles, the greater the iiiteiiHity of tljo 
scattered rays, and the more uniform the proportion of the rays of (liIT<Tt‘nt 
wave-lengths. The finer the particles, the fainter the soattored rays, hni the 
greater the exoew of blue in the rays turned aside from tlio original boiiiu. 

Kow m looking up into the sky, away from the sun, the light that i'omoR 
to our eyes is that which has been scattered from many solar rays aw they 
encounter the myria<^ of suspended particles which for the mommit haiinc-n 
m our line of sight; and as-these particles ai*e more offectivci in tairniug 
aside the fine-waved rays than the coarser ones, the eyo receivers tbrin in 

and the sky appears blue.^ It is manifest that the torni, ndloHiicn, 
Bnould not be used in describing this process. 

Many relatiTely coarse particles in the lover air add reliootod wliito lidit 

JWtion and vWess of the sty. When the m is hazy, the 
^des predo^te, and the blue is almost lost in a whitish gi; n..fc frm,; 
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finer partioles, especially of those always present in the upper air, produces 
the deep blue of the celestial vault. 

The greater brilliancy and whiteness of the sky near the sun finds its 
explanation in the statement already made conceniing the greater intensity of 
diffraction from fine paiiiclcs nearly in line with the original ray. An we look 
closer and closer towards tlio sun, our lino of sight is more neai’ly in the line 
of tlie direct rays, and the intensity of the light is corresx)ondiiigly inoreased. 
The composition of slightly diffracted rays is so nearly the some as that of 
the direct rays that they appear like normal sunlight, or white. 

The sky near the horizon becomes whiter and paler than at greater 
altitudes. This is because a line of sight passes through a much greater 
distance of lower dusty air when we look near the horizon than when we look 
towards the zenith; the luunerous coarse motes thus encountered turn white 
light to the eye and overpower the blue that comes with it. 

66. The color of the sun. The reader may now naturally inquire why 
the direct rays (}f the sim appear white. According to the explanation just 
given, the rays that come from the sun directly to us have lost a greater share 
of blue than of red rays, and the sun slioidd therefore appear of a reddened 
or at least of an orange tint This reasoning is correct, and the best answer 
to it is the one suggested by Langley, If we could see the sun from outside 
of our atmosphere, it would probably be a blue sun; it appears white only 
after an excess of blue in the original sunbeam has been turned away on its 
passage to us through the dusty air. In this respect the sun is not a unique 
body; blue stars are known in various parts of the sky, aud these oi'e 
evidently even more blue than our sun; otherwise their liglit also would be 
white when it come down to us. 

67. Deep blue sky seen from mountains. The greater purity and fainter 
illumination of the blue of the sky when seen from lofty mountain tops is 
duo to the absence in the upper air of those larger dust motes so common at 
lower levels. The larger motes turn to us waves of all kinds, diluting the 
blue of the sky by the addition of white light to the observer at sea-level. 
When we rise above the level at which the coarser motes are common, their 
action weakens; the sky is loss illuminated, but of a deeper and purer blue 
color; and at heights of fifteen or twenty thousand feet observers describe it 
as of a deep indigo color, extremely dark compared to the well illuminated 
sky to which wo are accustomed. 

68. Sunset and sunrise horizon colors. The colors of evening and mom- 
ing are essentially the same, but they are exhibited in reverse order. Those of 
sunset will be hern exidained, and the tints of sunrise will be referred to only 
when special mention of them is needed. 
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The stmflet colors have already been divided into two series; one arranged 
along the horizon, the other disposed in a circular segment or glow with the 
sun near the center. The former will be first considered. 

The solar disc itself is yellow or red as it sets, because tlien its direct rays 
have traversed so great a thickness of air that the blues are greatly diminished 
by selective scattering, leaving the others in excess. As the sun nears the 
horizon, the lower western sky, where the color was whitish at noon, becomes 
yellowish, by reason of the scattering away of tlie blue rays. Wlien the sun 
is below the horizon, the yellows and reds that fringe the sky-line north and 
south from the point of setting, are for the most part due in the same way to 
the effective scattering of the finer rays in passing through the great thick- 
ness of air that they then must traverse. The beams of light that come 
through the greatest thickness of air, close to the horizon, are the most 
strongly reddened. The beams from a belt a few degrees above the horizon 
have passed through a less measure of atmosphere and by a less direct course, 
and are therefore orange or yellow, instead of red. None of the horizon 
colors, however, are direct rays; they all suffer more or less bending on their 
way, especially those that come from points some distance north or south of 
the point of sunset. The greater their bending, the less intense their red 
color. Much of the bending may be done by the larger dust motes, which 
send white light in the day-time; at sunset these simply send along the light 
that falls on them without affecting its color. They thus serve to extend the 
reds and yellows along the western horizon, but not to alter the color of the 
light that 'falls on them. 

If the observer stands on a lofty mountain peak overlooking a broad 
region of .much lower level, the horizon reds are intensified. This is due to 
the more complete scattering away of the blue rays in the additional measure 
.. of dusty air traversed by the horizon beams, which to the observer on the 
lowlands have to pass through a less distance. 

Sefraction has a small share in producing sunset colors. When the rays 
of light enter the atmosphere obliquely, they are bent or refracted from their 
path towards the denser lower air. An observer always sees the sun at a 
greater altitude above the horizon than it really is. When the sun appears to 
be on the horizon line, it has really passed below the horizon. Ee fraction is 
greatest at the horizon, when it increases the apparent altitude of a celestial 
object by about half a degree. The sun^s angular diameter being of the some 
measure, it follows that the lower limb or edge of the solar disc will seem to 
rest on the horizon when the upper limb is really just passing below it. 

The longer-waved rays are refracted less than the finer-waved ones; a star 
seen in a telescope near the horizon exhibits, the prismatic colors, with red 
below and blue above. After sunset every solar beam will be similarly broken 
into a short vertical Bpectmm. The successive spectra will overlap, and aid 
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the process of selective scattering in producing a gradation from red on the 
hoidzon through yellows to blue in the upper sky; but of the two processes, 
the scattering is the more effective. 

It does not appear warrantable to attribute any considerable share of 
atmospheric colors to selective absorption and transmission. There is no 
sufficient direct evidence to show that either dry air or water vapor are 
colored, in the sense that chlorine is colored. The variation in the intensity 
of the smiset colors proves that they cannot bo duo to absori)tion by the air 
itself. If it bo assmued that the red of sunset is caused by absoi'ption of the 
blue rays l)y water vapor, then tlio blue of the oi)on day-time sky remams to 
be explained. Moreover, whilo the intensity of sunset reds increases with the 
dampness of the lower atmosphere, it docs not show a close dependence on 
the absolute amount of water vapor present; tlio colors vary witli the 
approach of the vapor to the condition of saturation and condensation. It 
therefore seems more reasonable to disregai'd the absoiptive effects of water 
vapor in the gaseous sfcite, and consider only the action of minute particles of 
condensed watm* or ice in aiding otlier kintls of suspended matter to cause 
sunset colors by scattering tlie sohii* rays. 

69 . The twilight arch. The colors on the horizon opposite the sun are 
also best explained by soloctivo scattering. At sunset the pink band along 
the eastern horizon, which rises an^ forms tho twilight arch as the sun 
descends, is the return to us of the oxcessivoly red light by which the eastern 
sky is tlum illuiuinatod; tho light being red when it reaches us, it becomes 
rodder still as it goes fuither on, {ind is then retunicd os a faint illumination 
from tlu^ parii(doH that it encounters. It should be recalled in this connection 
that the l«w'kwjird sciattering of light is ayiuinetricnl with tho forward scatter- 
ing; anil that the red rays are returned backward in greater force than the^ 
blues, wliieli arii for the most part thrown off laterally. As the light from 
the westimi horizon is red as it passes us, it is still more reddened, altliough 
diminished in iiitiMisity, by the seloetive swittin'ing that returns it from the 
eastern sky. At the same time many irregular Hoattiiriiigs give us blue light 
with the red, and thus niaki^ the areli of a rosy color, rather than an intense 
red as in tlu» wi^st A similar rosy color is seen opjMwito sunset on the snow 
of inountaiiiH or on lofty clouds, as in tlie rear of a thunder-storm retreating 
ill tho east after snnsefc; tlu^ snow or cloud does not produce the red color, but 
simply sends back to us the color that falls on it. 

Tho dark bluish area hoiieath the rising twilight arch is tlie shadow of the 
earth on the sky. The rays of light from tlio Biin cannot reacli this portion 
. of the sky without many tuvuiugs and scatterings on the way, so that any 
light coming biujk to the oyo from the shaded sky has lost noai'ly all its red, 
and hence appears of a distinct blue color. The under edge of the aroh is 
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distinct at firsts bnt becomes blurred as it rises. This is beoauso our lino of 
sight after sunset departs more and more from the surface wliicli Hei)ar{iti*H tbo 
arch and shadow. Just after sunset we stand almost in the surfa<u3 of HO])arii- 
tion and look closely along it ; then there is a sharp soimratiou botwoiui tlio 
colors above and below it : but as the rotation of the earth carries us into tin* 
shadow^ we look across the surface and our line of sight then rocoiv(*.H iii-ys 
from both the blue shadow and from the rosy area 5 honoo tlio (U)lors art* 
blended and their separation fades away. 

Subordinate effects of the same kind as the blue shadow of the are 

seen in shadows of clouds and mountains on the sky. When thn wemtorn 
sy contains massive clouds at sunset,, the eastern twilight iindi will be 
distinctly interrupted ly delicate bluish rays, whose narrow low<^r ciuls all 
converge to a point on the edge of the arch opposite to tho Hiiiij the am- 
TOgence being^ an effect of perspective on really parallel cloud hIuwIowh. Iu 
the same way, if an observer stand upon a lofty mountain at HuiiHct, ho will 
we ^0 shadow of the mountain rising above the eastern horizon and iiitiUTUpt- 
mg the tjnlight arch. The shadows of adjacent peats aro also sonictim.-H 
BMn, tot less distmctly. The isolated enminit of Pikes Peak iu tlm Hocky 

IHijiyama in Japan, casts an immense solitai-y (jouic-iil blue 
shadow on the sky at sunrise or sunset. 

to 1 ®: “d BU^se glows. The white or yellow oval glow, changing 
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suggested explanation by reflection is not satisfactory, because there are no 
particles in the lofty layers of the atmosphere then illuminated tliat are large 
enough to cause reflection; they can only difli'oot tho light that falls on them. 
A moderate haze in the lower air weakens or obscures tho rosy glows. They 
are therefore in general better seen in winter than in siunmer. 

71. The red sunsets of 1883-84. In 1883, ^84, ^85, the glows obtained on 
extraordinary development, which is believed to liave resulted from the 
presence tlien in the upper air of minute particles of dust or of ooiKlensed 
vapor, blown out of the volcano, Krokatoo, in the Strait of Sunda, between 
Java and Sumatra, late in August, 1883. At the same time tho sun was sur- 
rounded even at noon on dear days by a dusky reddish ring of al>out 20® 
radius, known as Bishop’s ring, after its first observer; this being tho day- 
time appearanee of the difFrootive sunset glow, then so brilliant os to be 
visible in the fully illuminated sky, but usually of faint intensity, so that it 
can be seen only after sunset. 

These brilliant sunsets attracted gi‘oat attention at the time, and the roeords 
of their api)earanoo in different i)arts of the world have been carefully studied. 
The eruption occ.urred with excessive violence on August 26 and 27, 1883, 
destroying half of the island of Krakatoo^ leaving water more than a thoxisand 
feet de(^]) where the volcano luul stood before, and shaking the air so vigorously 
as to produce an utmosidiurici wave that broke windows a Inmdred miles away 
and travcdled around the eaith, converging at the antipotlal iioint and then 
returning to its sourew; the automatic barometric records kept in different 
paits of the world indicate that the wave wont out from Krakatoa and back 
frum the anti])0(hil ])oiiit at least three times. The sounds of the explosion 
were heard ov(u* tlui Malay archipelago, lialf of Australia and half of the 
Indian owuui, cweii throe thousand miles away. Tho sea-waves driven away 
from the bursting vohiano caused gi'eat destnictioii on the coasts of tho noigli- 
boring islands, drowning over 30,000 ])er8ons, aud then swept across the 
ooeans, registc*.ring their arrival on tide-gauges in various luirlwrs in all parts 
of the world, ruiiiicjo and dust blown from the volcano blackened tho sky 
and fell for hundre<ls of miles around, obstructing tho sea. The finer dust 
and the icy jiartic.h^s (jondensed from the ejected vapor, whose sudden expan- 
sion is bidieved to liav(^ caused the explosion of the vohjano, reached gi'oat 
altitudes in tho atiu()S])liere, and there si)read around the world. As tlie dust 
spread ov(^r the sky, the sunset colors become extraordinarily brilliant, the 
usually faint siujond glow restoring vivid colors to the ftwliiig sky and exciting 
remark from all observers. The (hites of the first o<JOiiiTonco of these striking 
phenomena in diff(U’eiit ])artH of tho world have been ('.arefully chaiiHul, and it 
is thus 8e(m that they sj)read mpidly westward from Krakatoa around the 
eqiuitor, coni2)letiug the circuit of the eai*th in fifteen days, and then gradually 
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excessive of the siispended particles is thus mdioutocl. 

»t sansets ^ere Crded in 1T83 and in 1831. foUowmK' KV«.t ; 
volcanic eruptions in those years; many other less rejnarkablo oxamploH . 
the same relation of sunset colors to volcanic eruption have toeu iM In 
recording such phenomena, it is important to note the dates of hi-Kt vi»i i y 
of the vivid colors, the time of the appearance and change of tlio stiwxwsivn 

colors, and their altitude above the horizon. 

While an excess of very fine paxtides in the upper nir nior.uw.« tlm 
intensity of the snnset colors, an excess of csoarser dust in tlu^ lowtu* an- 
reduces their brightness, and may even conceal them entii-ely. The delmatc^ 
rosy glow is the first to be extinguished in this way, and as the tuvl>i<lity 
increases even the stronger horizon tints fail to appear. The direct rtiyn from 
the solar disc are the last to disappear; only the most intense rwl rayn tluui 
reach the observer, leaving the sky a dull dead gray all njound : H()iu(*.timeH 
the sun itself disappears in the hazy or smoky sky before it sets, ovcui though 
no clouds are present. 

A peculiar instance of the dependence of sky colors upon the dnstiiums of 
air was observed by the author several years ago in Cambridge, Mtiss. In tlm 
afternoon a brief squall of dry wind blew a great quantity of dust into tho 
air. The sunset was devoid of colors except in the sun itself, whi(th <liH- 
appeared on approaching the horizon as a circle of deei) crimson color, 'riu? 
cloudless sky was dull, and even as darkness came on, few staiia appeiinMl. 
The half moon, well up in the sky, shone out with a very unusual red color ; 
at the same time some of the brighter stars appeared faintly, and with a 
reddish tinge. In the course of a few hours the quantity of dust wjw ho 
greatly diminished, either by settling down or drifting away, that th(» HtarH 
appeared in the usual number and the moon lost its red color, passing gradu- 
ally through orange to its normal tint. 


72. Mirage and looming. Further account may be given hero of curtain 
peculiar effects of reflection on atmospheric layers of different doiiaity, of 
which brief mention was made in Section 46. Bays of light may bo totally 
reflected at the surface of contact of two layers of unlike density, if tho angle 
of incidence is very large. Hence when a layer of very warm air lies closer to 
the surface of a plain, the eye of an observer who stands above this layc^r 
receives from the further parts of it only the reflected light of the sky or of 
elevated objects in the distance, and no rays from the ground IwncMith. 
Objects thus reflected are inverted, as if from a horizontal mirror whoso plane 
is below the observer ; such an appearance being called a mirage. It is com- 
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mou in calm weather and in the hot hours of the day on level desert surfaces, 
and also over water surfaces when a light wind from the land oaiTies out air 
of a temperature unlike that of the water. A slight change in the height of 
the observer imiy cause a considerable clionge in the mirage ; and if uo mirage 
is seen a few feet above the ground or water, it may often be discovered at a 
less height. Some slight mirage is nearly always visible when the eye is 
witliin an inch or two of an extended surface of quiet water. 

Over tlie sea in the neighborhood of the coast, and particularly in the 
Arctic regions, it often happens tliat the surface of reflection is above the 
observer. The reflection is then colled looming, and is clioracterized by an 
inverted image above the object. The image is often elongated veiiiickQy, 
producing an appearance of spires and pinnodes of fantastic form. Objects 
that are below the observer’s horizon may be thus brought to view. 
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CHAPTER V. 

THD MBABTTEeaiCSINT A1TX> SISTBIBUTION 07 ATMOBPH7BIO 
TBMPUBATXTAHS « 

Thbrmombtey. 

78, Thermometers. The explanations in the third chapter of the processes 
by •which the air is wanned and cooled prepare ns to taJce up the study of 
thermometry, or the determination of the temperature of the air, with good 
understanding. 

A thermometer, or heat-measure, is ai^ instrument by which the temperature 
of a body may be compared with oertain adopted standards of temperature. 

The standards are the freezing and boiling 
points of pure water, boiling to take place 
under one atmosphere of pressure. For con- 
venience of measurement, the intermediate 
temperatures between these wide extremes oi’e 
graded, or divided into degrees ; but, unfortun- 
ately, the different countries of the world have 
not adopted degrees of the same value. The 
scale of the Fahrenheit thermometer, oonuuoiily 
employed in this country and in Great Britain 
and her colonies, begins to count its degrees at 
a temperature not naturally deiiued ; and places 
freezing at 32** and boiling at 212°. One hun- 
dred and eighty degrees, therefore, corresixDnd 
on this scale to the difference between the 
temperatures of freezing and boiling water. 
The centigrade thermometer places its zero 
point at free 2 !ing and 100° at boiling; 100 
centigrade degrees, therefore, equal 180 Fahren- 
heit degrees. When temperatures bdow the zero point are observed, they 
should be recorded with a minus sign, thus : — 6°, and read “ six degrees below 
zero.” 

The essentials of a good thermometer may be summarized as follows : The 
liquid in its tube must not freeze at any temperature that it is likely to 
experience. The volume of the bulb must be large in comparison with that 
of the tube, in order to render any change of volume by expansion in the bulb 
easily apparent in the greater length of the column in the tube. The tube 
must be of constant diameter, in order that equal increments of temperature 
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shall produce equal increments of length in the colixmn. Tlio scale shonlcl he 
etched or out on the tube itself. The teiux3eraturos indicated by the graduation 
of the scale should liave been carefully detenuined by comparison with ocoui-ate 
standards, and the intermediate divisions of the scale must be accurately 
marked at equal intervals. 

It is a waste of lalwr to midertake olMjervations of temperature with an 
inaccurate tlieriuoinoter. A great deal of labor has unfortunately been wasted 
in this way. Many of the records of toni])ei*ature that have been kept for 
yeoi's with great patieiuio are worse than useless, because, boing inaocmuite, 
they are misleiwling. A good theiinoiiieter costs but two or three dollars ; if 
coi'efully used, it may last many years. But even a good thermometer will 
not give good recoitls unless it is proiJerly exposed. Persons who desire to 
undertake regular meteorological observations should therefore apjdy to tlxeir 
local State Weatliev Service, or to tlie Weather Bureau in Washington, for full 
instructions concerning iustiaunents, shelters, records, etc. 

It is desired that a thermometer, when imd, shall indicate the temixerature 
of the oi)en air at a smtill lieight over the gi'oimd, and not so close to buildings 
os to be affected by them. For this i*eason, the therniometor should he placed 
in a shelter, with prottMtion from smishine and rain or snow, Init well open to 
the wind. It should Ixi removed, if possible, fx'om buildings and trees. When 
this is not possihhs a small shelter placed on tlie sliady side of a building, not 
too high above tlm ground, may servo ; but it is not worth while to attempt to 
moke a record of temperature unless the exposure is suoli m will woriunt 
coiilideiKie in the recsords. In cities, a shelter on the i*oof of a building is 
prol)al)ly better than at a wimlow in a narrow street. It is to be expected 
that tlie teiuiK‘ratiire of cities should bo somewhat higher than that of the 
surrounding open c-ouutry. 

74. The sling thermometer. In case no satisfactory shelter can be 
provided, c.ornx'.t records (Min be obtained by lying the thennometer to a string 
tivo or three ro(d-. long and whirling it ai*oun(l in tlxo air until its reading does 
not change. TIk^ iiistriiment thus aiTanged is called the sling tJiermonieter. 
It is of (mpocial use in (widoring expeditions, or in local studies of the vario- 
tions of timipcuMiture in a small district, where no jCToper shelter eon be counted 
on, and it should \w freciueiitly employed when establishing a permanent 
shelter for mctiiorologioal instiTimonta, in order to determine the cbffei*enoe 
between its ttmiperaturo and that of the sun’ounding air, particularly in quiet 
sunny W(Uitlior. 

Records of temperature should bo carefully entered in a book kept for that 
purpose. At the Ix^giiiniiig of the record a careful statement should be mode 
describing the tliermomoter and its location; any subsequent change of 
exposure should be (dearly entered at its proper date. 
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76, Thermograplis. The temperature of the air is continually olianging 
at a more or less rapid rate. A perfect record Yrould present a com 2 )lete indi- 
cation of all the changes. This cannot be gained by ordinaiy tlieniiometers, 
but it is praotioaDy gained by self-recording instruments, knoTYii as 
grajplia. Two styles of thermographs are illustrated in the accompanying 
figures. 

The Draper self-recording thermometer, or thermograph, nu American 
instrument (Fig. 8), possesses a metallic thermometer, one end of which is iuced 
while the other end is attached to a train of leveie, to 
magnify the small movements due to expansion or con- 
traction by change of temperature. The end of the lost 
lever carries a pen w-hich contains a non-freezing glycerine 
ink, and rests on a circular record sheet that rotates once 
a week. As the temperature rises, the pen is carried out- 
wards from the center of the sheet ; os the temperature 
falls, the pen is carried inwards. The sheet is divided 
into days and hours by curved radial lines, and into dt^- 
grees by concentric circular lines ; so that the temperature 
at any time can be easily read off. Although instruments 
of this kind are not so accurate as good mercurial ther- 
mometers, they make up for their slight inaccuracy by the continuity of their 
record ; and if checked by frequent readings of a mercuiial themomoter and 
driven by an accurate clock, they are of great value. The Diu-por self-recording 
thermometer is made by the Draper Manufacturing Co., 162 Front Street, 
New York. The cost of this instrument is ®16.00. 

The Biohord Fr^res thermograph (Fig. 9), made in Paris (Grlaenzer & Co., 
80 Chambers Street, New York, are agents for this countiy), is of a somewhat 
different pattern, costing, without duty, about ®26.00. The thermometer is 
here a flat bent tube of brass, containing a non-freezing liquid. One end of 
the tube is fixed to the frame of the instrument ; the other end moves freely 
with change of temperature, and works a train of levers, wluch, as before, 
magnify the movement of the tube. If the temperature rises, the gi’eater 
expansion of the liquid than of the tube bends the tube' towards a straight 
line ; if the temperature falls, the elastioity of the tube bends it into a sharj^er 
curve. The pen at the end of the last lever bears lightly on a sheet of pajier 
that is wrapped around a drum or barrel ; the drum is turned around once a 
week (or once a day, if so ordered) by clock-work within it. The pen rises 
and falls with the temperature and thus writes its record on the rotating dnun. 

Sample curves from sheets of this pattern are given on reduced scale in tlie 
adjoining figures, 10, 11, 12. Curve a, Fig. 10, illustrates a period of clear 
warming weather from April 27 to 30, 1889, with large and regular dinmal 
range, from a record kept by the Jackson Company at Nashua, N. H., for the 
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New England Meteorological Society ; curve b presents the efEeots of a spell of 
cloudy weather at Nashua accompanying the passage of the great Hatteras 
hurricane of September 13 to 16, 1889 5 curve e shows the change from a time 
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of moclerato winter weather to a oold spell at Nashua^ February 22 to 25, 
1889, the change occurring at midnight of the 23-24 ; curve d exhibits a 
steady fall of temperature from the night of one day over the next noon to the 
following night, in the coming of a winter cold spell at Kaahuo, January 19 to 
21, 1889 ; curv(^ e is the reverse of the preceding case, being the effect of an 



Jb'io. 10. 


approaching mild spell at ITashua, December 16 and 17, 1888, in which there 
wa£ a continuous rise »of temperature through a night from noon to noon ; 
curve f illustrates especially well the value of thermograph records, in giving 
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tlie oocnrrenoe of a nootumal temperature maximum caused by warm soutlierly 
winds followed by cold winds from tlie west, at Cambridge, Maas., November 
30 and December 1, 1890 ; curve ry shows the sudden rise of temperature 
on the coming of a ohinook wind (Section 248) at Eort Assiniboine, Mont., 

January 19, 1892. Curve a, Eig. 11, from 
tlie office of the Cily Engineer at Provi- 
dence, R. I., records the passage of a vio- 
lent thunder-squall just after noon, July 
21, 1886 ; while the afternoon maximum of 
the following day possesses small osoillar 
tions, ascribed to local convectional air 
currents. Curve h illustrates the effects 
of cool diurnal searbreezes at Cambridge, 
Mass., May 13 and 14, 1887, by which the 
apex of the curve is truncated about noon-day. Eig. 12 contains records from 
the Harvard College Observatory for Denver and Pikes Peak, Colo., for August 
19, 1887 (a, &), and for March 3, 1888 («?, d) ; the mountain temperature being 
the lower in &e summer example ; but the higher for a few hours in this par- 
ticular winter example. The peculiar features 
of these records would be lost in observations 
taken at fixed hours two or three times a day. 
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76i M flyitrinm iiiiil mitiiTnnm thftrmntTigterfi. 

When tliermographs cannot be employed, other 
devices are introduced in order to secure special 
records in the simplest way. The most import- 
ant of these are seen in tlie maximum and mini- 
mum thermometers, shown in Eig. 13. These 
instruments register the highest and lowest 
temperatures of the day. The maximum ther- 
mometer, tlie lower one in the figure, has a 
narrow constriction in the tube just outside of 
the bulb. As the temperature rises, the mercury 
is di'iven out of the bulb *, but as the tempera- 
ture falls, the meromy does not return; the 
upper end of the column in the tube therefore registers the highest reading 
since the instrument was set. Setting is done by whirling the instrument 
rapidly on a peg at its head, when the mercury is driven back past the 
constriction into the bulb. The minimum thermometer contains a transparent 
non-freezing liquid, instead of mercury. A small, double-headed pin or index 
lies inside of the liquid in the tube (between 60® and TO® in the figure). By 
raising the bulb, the index slides along to the end of the liquid column ; the 
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instnunent is then left, slanting gently towards the bulb ; as the temperature 
rises, the expansion of the liciuitl is too alow to push the index along with it j 
but when the tenipernturo falls below that at which the instrument was set, 
the siu'face cohesion of the liquid carries the index down the tube. The 
position in wiiicli tlio upper end of the index lies therefore registers the 
lowest or miiiinnun reading since the previous setting. A pair of good maxi- 
mum and niiiiimuin tlierinonietei's costs about 6.00 ; they are very easily 
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cored for*; a single observation, as late in the evening as possible, sufficing to 
determine*, tln^ diunial range of temperature, which is one of the most important 
weather (demumts. The time at which tlie highest and lowest temperatures 
occurred arc*, howc^ver, not indicated. The readings of the maximum and 
minimum tlun’inometora should always be entered in the record book before 
the iiiHtrnm<‘nt.s an^ set for a new observation. 

77. Black-bulb thermometer. It is sometimes desired to obtain an indi- 
cation of intmisity of sunshine, independent of the temperature of the 
air. Tliis is rougldy eiTectod l)y exposing a maximum tliennometer having 
the bulb (*oab(*d with dull lami>black, the thermometer being enclosed in a 
glass tube from wliic.h the air has been exliausted. Tlie lamiv-black on the 
bull) absorbs a large share of the siuisliiiie, and tlie absence of air aroimd the 
bull) ])rev(UitH cooling by conduction. A temi)erature much above that of the 
surrounding Jiir is thus reiwhed. It is customary to record simply the excess 
of the maxiinum thus gained over that of the ordinary maxiimim reading. 
Tliis exci»HH, however, varies so greatly with the conditions surrounding the 
instrummit that it is not admissible to regard observations with black-bulb 
thennom(\ti‘rs ns having any precise or comparable value. Tlie instrument 
cannot 1)() ree-onimeiided for ordinary observations. 

78. Record of temperature : mean temperatures. Besides the record of 
the temporature of the air at certain times, it is desired to determine also the 
menu tompi*raturo of tho air for the clay, tlie montlis and tlie year. This 
could be done by making hourly recorils and calculating their mean for each 
(lay ; tho average of the sucocBsive diurnal means would give tlie mean of the 
month ; and the average of the monthly means, the mean of the year. The 
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•average of twenty or thirty ancceaaive yearly means suffices to establish, the 
mean temperature of a place. 

It is manifest^ however, that few persona can maintain a long series of 
hourly observations. These are sometimes taken at the lai'ger observatories ; 
but liey are now mostly superseded by thermographs, checked by maximum 
and TniTiixmiTn thermometers. The question then arises, at what several hours 
of the day shall ordinary observations be taken in order that their average 
shall give a dose measure of the true diurnal mean ? This is determined by 
the hourly observations that have been made at certain stations. First, the 
mean temperatures of the suocessive hours, 1 o’clock, 2 o’clock, 3 o’clock, etc.,^ 
are separately determined for every month. Sdeotion is then made of certain 
paars or groups of hours whose mean corresponds dosely to, or differs by a 
small number of degrees from the true diurnal mean. While the mean of 
two, three or four observations in a day at the hours thus chosen cannot be 
trusted to determine the true mean of any single day, yet if the observations 
•are continued for a month, they will serve to determine accurately enough the 
monthly mean, and then from successive monthly means the annual mean may 
be derived. Hours thus recommended for observation are as follows ; — For 
two daily records, hours of the same name in the morning and aftenioon, as 
7 a. m. and 7 p. m.; 8 a. m. and 8 p. m., etc.; for three daily records, C a. m., 
2 and 9 p. m.; or 7 a. m., 2 and 9 p. m. (add double the reading at 0 p. m. to 
the readings at the other hours and divide the sum by four). The mean of 
the maximum and minimum records is often used, but it is from a half to one 
degree too high. 

Hone of these combinations have a greater error than a degree or a degree 
and a half in de&ung the monthly mean ; and the error of the annual mean 
is stOl less. Tables published by the Weailier Bureau and by the Smithsonian 
Institution at Washington give the corrections by which the means thus 
determined can be best reduced to the true means ; and when thus corrected, 
the monthly and annual results may be trusted to a small fi-action of a degree. 

7B. CtbnatliC data. Besides the means already mentioned, it is customary 
to determme certain other data in defining the dimate of a place. The most 
important are : — Monthly and annual means ; mean diurnal range for each 
month; means of successive five-day periods or pentads through the year 
for single years, and for the same periods in groups of five years, or 
lustra ; means of five-year periods, or lustra, beginning with years whose 
dates end with 1 or 6 ; absolute extremes of temperature for every month ; 
mean of the monthly extremes for successive years ; average difference 
between successive daily means. 

.When observations of good thermometers, well exposed and regularly read, 
extend over a lustrum period, they should be thus reduced, and the results 
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publislied in tlie repoi*ts of the local State Weather Services (Sect. 323) as 
contributions to local diiimtology. 

In a region whose mean animal temperature is os variable as in the central 
and eastern United States^ it will be found that the values of successive lustra 
do not agree preoiaely. A much longer period tlian five years is needed for 
the determination of the tiiio moan annual temperature. It is therefore 
unodvisable to compare the memi temperatures of adjacent stations if the 
periods of observation do not agree. For example, the mean temperature of 
New Bedford, Mass., for the lustrum beginning with 1836 was 47®.0 ; that of 
frovidenoe, B. I., for the lustrum bogiuning 1846 was 48®.8 : from which it 
would ap])ear that the mean of the latter was 1®.8 higher than that of the 
former. But iu the lustnun beginning in 1861, New Bedfoi’d had a mean of 
49®. 9 ; and in the lustrum beginning iu 1836, Providence hod a mean of 46®.7 : 
and from this it would appear that the former was 3®.2 above the latter. For 
the period 1836-1876, the two moans differ less than half a degree. 

Wlioiiovcr ])OHsible, clinuitio comparisons of temperature or other data 
should be mad(» for identical periods. If the observations for the region con- 
cerned do not cover the same X)oi'iod, it is desirable that they should be reduced 
to a definite ])eriod, such as an interval from 1870 to 1890. This can be done 
approxiiuakdy, as follows: — A certain station, S, may have records of tem- 
I>eraturo from IHfi/) to 187/5: determine the mean for this period at adjacent 
statioiLH of long continued observation: detunuine the average difference 
bctwetni theses means and the means for the period 1870-1890 : apply this 
average difT(ircncc os a correction to the mean of station S ; and the result will 
be the probable mean for its locality for the period 1870-1890. 

80. Isothermal charts. Observations of temporatiire have been maintained 
at many stations iu all parts of the world, some of them for all the yeai'S of 
this century, but geiienilly for shorter periods ; the distribution of tempera- 
turo over the earth is studied by means of such records. In order to make 
olworvatiouH tak(m at diffcu’oiit altitudes on land comparable with one another, 
it is (uiHtoniary to rodiuie all tcin])eraturcH to sea-level by adding one degree to 
the annual or monthly moan for every three hundred feet of altitude ; but 
ill i)i*opariiig daily weather maps, the tictiuil thermometer readings are 
oharied 

Observations made at soa are gathered by the Hydrographic Offices of 
various couiitrhm ; they are clasBified first by position, all of those token 
within a ceriain “square” of latitude and longitude being placed together; 
and again by montlis. The riujords are then reduced to the true mean of the 
month 08 carefully Jis ]> 0 Hsiblc. As the variation of temperature at sea is 
generally much smaller and more regular than on land, tlie results thus 
obtained are fairly accurate, pariicularly in those parts of the ocean where 
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many vessels pass. The North Atlantic is especially well known in this 
respect. The ''square” bounded by 20® and 26® longitude west of Greenwich 
and by 0® and 6 ® north latitude has 10^329 observations for March on the 
meteorological charts published by our Hydrographic Office at Washington. 

When observations are gathered and reduced for many stations in various 
parts of the world, they may be charted on maps for the better illustration of 
the distribution of temperature 5 either for the mean animal temperatoe or 
for the mean of the seasons or of the months. Lines may then be drawn 
through places estimated to have mean temperatures of 60®, 60®, 70®, and so on j 
such lines are called tsotherms^ or lines of equal temperature. An isothermal^ 
chart thus constructed shows at a glance the areas that are on the average 
warmer or colder than any given temperature. 

The beet general isothermal charts of the world are those prepared by 
Dr. Julius Haun of Vienna, and by Professor Alexander Buchan of Edin- 
burgh. The former are published in Berghaus' Physical Atlas ^ (1887); they 
present the isotherms on the centigrade scale. The latter include a beautiful 
series of monthly isothermal charts on the Fahrenheit scale, published in 
1889 by the British government to illustrate an essay on the Atinosplieric 
Circulation In the Eeport on the Challenger Expedition ; but their high cost 
places them beyond general use. The isothermal charts on a small scale here 
presented ore reduced from certain ones of this series the following sections 
coll attention to the chief facts to be learned from them. 

Disteibxttion of Temperature over the Earth. 

81. Contrast between the equator and poles. The most general facts 
presented by the isothermal chart for the year (Chart I) are the familiar high 
temperatures around the equator and the low temperatures about the poles. 
The .sufficient reason for this has already been foimd m the gi*eater aainual 
value of insolation at the equator, decreasing to smaller values at tlie poles. 
The line of highest mean annual temperature, which may he called the mean 
annual heat equator, is not of uniform temperature all around its circuit. Its 
temperatures aie five or more degrees higher on the lands than on the oceans. 
At the first glance one might explain this as the result of the lower specific 
heat of the land and of its non-volatile character : but as the inequality appears 
in the mean annual temperature, this explanation will not hold. It is true 
that if the mean temperature of the daytime or of the summer only were 
.oliorted, the air over the lands would then be found on the average of higher 
temperature than that over the ocean for the above reasons ; but as the mean 
for the year includes the conditions for night as well as for day, and for winter 

^ The meteorological section of this atlas, containing 12 chaits, may be bought separately. 

^ These cluirt«t are on (rail's projection, in 'which the distortion of high latitades Is less 
than in Mercator's projection, commonly employed. 
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as well as for summer, the rai)i(l cooling of the land and of the air olose to it 
at the colder tunes must couiiterbalahoe the rapid heating in the warmer times j 
and hence for the mean of the year there should not he, for the suggested 
reasons, any higher temponituro on the heat equator over the lands than over 
the oceans. 

The true cause of the varying temperature along the heat equator is to he 
foimd in the intercliange of i)()hir and equatorial waters by the ocean cuiTonta, 
whereby the equatorial octean is Bf)mewhat cooled and the polar ooeans ore 
much warmed ; wliile on the lands there is no such interoliauging i^rooess. 
The torrid lands are therefore hotter than the ocean of the some latitude ; 
'and the lands of high latitudes are cohler tluui seas alongside of them. The 
lands take a temperature proper to their latitude, wliile tlie ooeans attempt to 
equalize the temperatures hetweon (Equator and poles. 

A marked oonsoquoiuu^ of this is seen in the more rapid decrease of 
temperature from the mean aiiniuil heat equator towards the poles on land 
than on water ; in other words, the poleward temperature gradient is stronger 
on the continents tliaii on the oceans, l^eginniiig, for exiunxde, in southern 
India and tnu'.iiig a line almost iiorthwai’d to the Arcthj coast of northeastern 
Siberia, the temperature falls from 85° to 0°, a decrease of almost a degree 
and a half of tiimj)eratur(^ in a dc^gn^o of latitude. Folhiwing a northward line 
of the Boiiie length in tin*. Atlantic ocean, the decrease is from to 1^6°, or at 
a rate of a d(igre(^ of ttmiperatiircj to a dc^gree of latitudi!. 

82, Irregularity of annual isotherms. The explanation that has already 
been given of the diid'.ribui.ioii of insolation over the earth might lead us to 
expect that the iiuMin annual isotlun'ins should coincide with the lines of 
latitude. A glamu? at iln^ map sliows tliat in many pai*ts of the Avorhl the 
isothenns are unsymim^trical in tlu^ two hemispheres and that they depart 
greatly from an east and west («)urs«\ We will lii*st consider the character of 
the dei)artur(^H and then look for tluup <^xl)lanation. 

The uns^^nnuetrieul arrang(‘m(mt of ilie isotherms on either side of the 
geographical (Mjuaior is iirsl. scu^n in tlio location of the heat equator in the 
nortliem lic»inis])here for tlie greatest jjart of its circuit, as may be shown 
by drawing a lim^ bisee.ting tln^ space l)(?twcHn the pairs of corresponding 
isotherms of the torrid zone in cuther licmisphcn*. This lino falls into 
soutlioni latitudes only in thc< wc^stiu'ii jjaiii of the l^aciiie, and in Australiisia ; 
its location h(u*(» Iwdng dm^ to a soiithorn movem(mt of the warm (Mpuitorial 
waters in that region, and to th(i higher imuin temi)oratures of the land areiis 
of Austrahisia than of the water areas on the opposite Hid(» of the equator. 
Blaewliere, tin? lieat (‘(jiiator lii^s in nortlnu’ii latitiuh^s. The absence of any 
southern eoiitinont to balances the effect of Asia explains its oourso across the 
northern Indian ocuuiii ; and, as will be seen in a later section, the inflow of 
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cool waters from tlie far southern latitudes displaces the line to the north of 
the equator in tlie eastern Atlantic and Pacific. 

In the next place, the depoainirea are small in the southern hemisphere, 
where the isotherms are remarkably regular, especially on the brood oceanic 
areas. The lines are much more irregular in the noithem hemisphere ; but in 
both hemispheres there are certain systematio deflections of isotlierms from 
the parallels of latitude in passing from an ocean over a continent to the next 
ocean. In crossing eastward over South America, for example, the lines turn 
equatorward on the Pacific near the western coast j they loop strongly pole- 
ward in crossing the land, and finally run slowly towards the equator again in 
traversing the Atlantic. A similar irregularity, but not so pronounced, is seen 
in the passage of the lines over Africa and Australia. Coming now to oui- 
hemisphere, the isotherms on the Pacific turn somewhat towards the equator 
in the middle and lower latitudes as they approach ITorth America; tlien 
entering the continent, they loop poleward ; and on reaching the Atlantic they 
turn slowly toward the equator on their way across to Africa. A similoi* 
irregularity may be jperceived, but less distinctly, on the broad lands of the 
old world in equivalent latitudes. 

In the higher latitudes of the northern hemisphere the isotherms show just 
the opposite deflections. They turn towards the pole in the northeast Pacific, 
towards the equator in northeast America, strongly towards the pole in the 
northeast Atlantic,, and so on. There is no land fai‘ enough south in the 
other hemisphere to exhibit deflections of this kind, except a small part of 
South America. 

As a result of all this, the isotherms ore crowded together on the eastern 
coasts of the northern continents, and spread far apart on the eastern aide of 
the northern oceans. This is partitiulaidy apparent on the two sides of tlie 
Atlantic, where it is of especial interest, because the lands on either side of 
this ocean ore at present the seat of the highest civilization in the world. In 
western Europe, one may travel a thousand miles northward without finding 
so great a change of mean annual temperature as would be found in a voyage 
of half that distance along our eastern coast. 

The reason for the systematio deflections of the ijaothepms is foimd almost 
entirely in the even more systematic course of the great ocean currents. The 
interchange of ocean waters between the equator and poles already mentioned 
is performed in part by a surface flow towards the poles and a slow creeping 
of the deep waters badk again towards the equator ; but there is besides this 
an eddy-like circulation of the surface waters in the several oceans which is of 
much more importance in meteorology ; because the temperature of the air, 
which we are now discussing, depends so lai*gely on that of the surface on 
which it rests. The eddy-like currents of the ocean may now be simply 
generalized. 
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8S, General scheme of ocean currents. The North Paoifio is the simplest 
of all the ooeaiiB from having practically no connection with the adjacent polar 
waters. Its great oddy turns from left to right, consisting of an equatorial 
portion moving from east to west ; of a western portion, known as the Japanese 
current, whicdi passes the Japanese Islands northeastward ; a northern portion 
traversing the ocean towiu’ds Alaska; and an eastern portion flowing along 
our western const to the southeast, completing tlie circuit There is a notice- 
able subordinate eddy turning around from right to left in the Bay of Alaska, 
and a snnill, cold southward current from Xamcliatka towards Japan. No 
significant supply of cold water comes from the Arctic ocean through Bering 
strait to tlie Piiciiic. 

Tlio South Pacific ocean has a similar general eddy of rather greater size ; 
but its circulation is from right to loft j its western portion flows among the 
Polynesitm islands and near New Zealand and Australia ; it gives off a small 
branch north of Australia to the Indiwi ocean ; its southern i>ortion is con- 
fluent with the gxi^at Antiire.tic eddy whiidi inns from west to east around the 
south i)()lc. Tlie iiKunber of the Pacific eddy tliat flows eqnatorward along 
the western coast of Soutli Americ^a is known as tlie Pemvian or Humboldt 
current ; it l'uriiislu»s a greater share of cool water to tlie equator than is 
brought by any oi.her current. The two equatorial portions of tlie Noi*th and 
South Piuufie eddii‘H an^ not iwrfoiitly confluent, but oi’e seimrated by a some- 
what irn^gular (•.ounter-curr(»iit, running from west to oast a little north of the 
equator, and carrying a body of warm water to the coast of Central America. 

The eddy of the South Indian oci^iii is similar to that of the South 
Pacific in being e.onlhn»nt with the great Antiirctio oddy on its polar side. 
Contrary to tlu» rcq)res(*ntalion generally given on mai)8 of ocean currents, it 
does not giv() out a hnuie.h to the South Atlantic around the southeiii end of 
AfruMU The currents of thci Nortlierii Indian oociui ai*o anomalous in chang- 
ing their course* witli tlm sc^asons : in the northern siuunier they jiossess a 
normal left-to-right eddy, whose cMpiatorial i>ortiou is then confluent with the 
corresiKniding ])ortion of tiie South Indhiii oddy; in the southern summer 
the eddy turns tlu^ oi.her way, so that its equatoriiil portion then corresponds 
to an equatorial (u»uiit(?r-e.urr(uit. 

The South Atlantic^ eddy is also confluent with the Antarctic eddy on its 
polar sid(i, but it is strongly iinlikt^ tin*, eddies of the other southern oceans in 
giving out a gre^at hrane.h that flows obliquely across the equator into the 
nortlioni hoinisplu*r(n Tliis is tho result of tlie unsymmetrical form of Africa 
and South Aineri<fa, th(< fornuu* cxt(mdiiig to the west, north of the equator ; 
the latter exti»n(Ung to the east, south of the equator. The southern hemi- 
sphere loses and tlu^ northern lunnisphero gains a large volume of warmed 
water hy this ])(*e.uliar arraiigmuciit of coiitiuents and ocean. Mention should 
be made of a e-ohl e.urnmt tliat wedges along the eastern side of Patagonia 
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towards the eg[iiB.tor^ the oiAj distinct cold current on the eastern side of a 
Bonthem continent. 

The North Atlantic possesses the most peoiJiar system of currents of all 
the oceans. Its normal eddy receives on the southern side the great branch 
given off by the South Atlantic eddy, and in turn it gives off from its northern 
side a great volume of water which passes northward beyond Norway, circles 
around the gi'eat gulf commonly called the Arctic ocean, and returns greatly 
chilled to supply the cold Labrador current which creeps down our eastern 
coast as for os Cape Hatteros. A small counter current of variable extent 
flows eastward between the North and South Atlantic eddies into the Gulf of 
Guinea $ its greatest extension coming in the late northern summer. This is 
closely analogous to the counter current of the equatorial Paoiflo. 

In the ordinary nomenclature of the ouiTents of the North Atlantic, undue 
emphasis is given to that portion which is supposed to come from the Gulf of 
Mexico. It is true that a considerable volume of warm water issues from the 
Gulf between Plorida and Cuba ; the name “Gulf Stream” should be limited 
to this concentrated current. But it cannot be believed that all the waim 
water which flows northward off our eastern coast, and then drifts eastward 
and northeastward towards Europe, has issued from this moderate source. A 
considerable portion of it must have passed outside of the West India islands, 
without making the side circuit of the Caribbean sea and the Gulf of Mexico. 

It should be noticed particularly that while the deformity of the North 
Paciflc eddy on the north consists only in the subordinate eddies by Alaska 
and noith of Japan, the North Atlantic eddy gives off a great branch on the 
north whioh makes the circuit of the Polar sea. 

84. Deflection of isotherms by ocean currents. Bearing in mind that the 
equatorial waters are warm and the polar waters are cold, it follows that 
currents from the equator will tend to wai’m the air and deflect tlie isotherms 
towards the poles, while the currents returning from higher latitudes will 
carry the iaotlierms equatorwards. The deflections of the isotherms already 
described can all be accounted for by this principle. 

The BX)reading apaort of the isotherms on the western side of North 
America, for example, is due to the opposite courses of the return current that 
passes along California and Mexico in lower latitudes, and the subordinate 
eddy that circles from right to left around the Alaskan Bay in higher lati- 
tudes. Similaji^ly opposite courses of ocean currents on a much larger scale 
axe found in the eastern North Atlantic, and hence the divergence of the 
isotherms on the western coasts of Europe and northern Africa is still more 
marked ; the equatorward deflections in low latitudes being controlled by the 
eastern portion of the normal North Atlantic eddy past Spain and the western 
Sahara, while the excessive northward deflections in the higher latitudes are 
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due to the great Arctic branch of the North Atlantic eddy, so peculiar to thig 
ocean and ooiimionly considered an extension of the Qulf' StreouL 

The crowding of the isotherms on the eastern side of Asia depends in the 
lower latitudes on the noi^thward tmn of the Japanese current, and in the 
higher latitudes on the southward turn of the subordinate current between 
Kamchatka and Japtui, The crowding of the lines east of North Ameiioa is 
more pronounced, because the currents which control the isotherms there are 
of so reniarkal)lo a strcngtli. Off the coasts of Florida and Carolina the 
isotherms arc held to the noi^th by the Gulf Stimm proper i along the coast 
of New England and the Provinces they are carried strongly to the south by 
the powerful Labrador current. 

lu the southern hemisphere none of the continents offer serious interrup- 
tion to the castwiu'd course of the gimt Antorotio eddy ; hence no strong 
deileotions of the isotheniis are fomid in high southern latitudes. Nearer the 
eqmitor tlie defi(^ctions arc similar to those of low latitudes in the northern 
hemisphere. The peculiar deflectioiis of the isotherms in the northern hemi- 
sphere and tlioir (!()2U])aratIve reguhirity in tlie southern are thus well 
accounted for. 

All iiitcn^stiiig corollaiy may bo drawn from these explanations. If our 
earth poHscased a Hurfiuui of lev(d Land only, the difference of temperature 
between tlu' e([uatov aiul would Im much greater than it is at present, even 
gi’cater than on tho (‘xistiug lands wh(u*o the poleward decrease of temperature 
is ('.oinparativ(‘ly rapid; while on a world of continuous water surface, if there 
existed a gradual iutfuv.hange l)(ttw(;eiL ecpuitorial luid polar waters, such as 
might be rcasoiuibly ^^xpl•(^i.(^(l, tlic^ (ioiitrast of (^quiitonal luid i)olar temperatures 
would bii sinalhn*. In (utluu’ cjisn tho distrilmtion of tomperdture all over the 
world would bo as regular jis w(i now liiid it in the southern hemisphere. 

86. Isotherms for January and July. We may next examine Charts II 
and HE, repr(»HiMitiiig the niean ttuninmituroa of the euith iu Jiuiuary and 
ill July. Tlie g(ni(u*al variation from winter to suiniaor iu either hemisphere is 
simply enough explaiiHul hy referring to the variatioiiR in tho values of insola- 
tion with tho seasons, as given iu Seetioii 27. It should ho recoiled in this 
connection that iu tFamiary the oartli is nearest to the sun ; henco if distance 
from the sun alone (ioufcrolbul our tem])eraturoH, wo should expect to lind the 
Bouthem huiuuum*, wliie.h o(*curs in ])ci'iheliou, of higher temperature os a 
whole than tlu^ northcu’ii siimiiKn’, wliicth occurs in aphelion. Comparing the 
Bummers of tlm two lieiaisiilieros, wo find tlmt tho reverBO is true. The sum- 
iiK^r of tho Hoiitlun'ii luuiiispliero in January is marked hy moderately high 
temperatures; tlu^ suiuiuer of the uortheni hemisphere in July possesses 
excessive liouts over largo anias. Tlio location of the latter areas Iwiiig nil on 
the laud, wo readily discover tho reason for tliis perhaps unexpected rcBult. 
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Altliougli the sunshine is truly stronger during the southern, summer on 
aooount of our nearness then to the sun^ so great a share of the southern 
hemisphere possesses a water surface that the temperature, even under 
stronger sunshine, cannot rise to a high degree : in the northern summer, in 
spite of the slightly weaker sunshine consequent upon our greater distance 
from tlie sun, the temperatures produced are high, because it is so easy to 
raise the temperature of the land surface, and upon this the temperature of 
the air depends. 

It may be also noted that if we take the mean temperature of the earth as 
a whole, it is not constant throughout the year. It might at fii’st be exi^ected 
that a slightly higher mean temperature should prevail in perihelion than in 
aphelion ; and this would be true if the surface of the earth were of but one 
kind, or if the land and water were symmetrically distributed on either side 
of the equator ; but under existiug conditions it is found that the average 



temperature of the earth as a whole is higher in July, 63®, when the northern 
hemisphere is excessively hot and the southern hemisphere but moderately 
cold, than in January, 66®, when the southern hemisphere is moderately warm 
and the noi'them hemisphere is excessively cold. 

Just 08 the summer of the northern or land hemisphere is warmer and the 
winter is colder than the same seasons of the southern or water hemisphere, 
so the various continental areas are warmer in summer and colder in winter 
than the adjacent ooeaam of similar latitude. This is strikingly apparent in 
the case of Asia, where the excessive heat of Arabia, Persia and nortberu 
India hi summer and the excessive cold of Siberia iu winter offer the extreme 
examples of terrestrial temperature variation. Similar variations but of a 
more moderate range are found in Australia. Even the interior of Great 
Britain is warmer than the surrounding sea in Bummer and colder in winter ; 
and peninsular Spain and Portugal exhibit winter and summer isotherms 
roughly following the coast line, as in Figs. 14 and 15. 
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86. Poleward temperature gradients in winter. Looking again at the 
general rate of decrease of temperafcui'e from equator to pole, it will be seen 
that this is stronger in the winter hemisphere than in the summer hemisphere ; 
particularly if the conii)arison is made l)etween the northern winter and the 
southern summer. Tlie olumge in the value of this temperature gradient is 
not well marked in the southom hemisphere, because there the ohange of 
temperatiu'o with tlio seasons is comparatively small; but iu the northern 
hemisphere it is veiy distinct. In tlie summer time the great area of lands in 
high noitlierii latitudes dotenniiies tlie occurreiioo of comparatively high tem- 
peratures in the far north; hence the imlewoi’d decrease of temperature at 
this time is comparatively gradual ; but iu the winter time the great area of 
northern lands allows the temperature to fall excessively low, and the decrease 
of temperaturo from the cqiuitor towards the north pole is extremely rapid. 
This will be found to bo of importance in explaining the more violent winds 
of our winter season. 

87. Migration of isothernis. Tho migration of the sun north and south 
of the eqiuitor, by reason of the obliquity of the earth’s axis to the plane of 
its orbit, causi^s a migration of tlie heat equator also; but while the sun shifts 
its position from north to south of the equator, the heat equator 
generally migrates by a mvmh less amount. Moreover, while the sun stands 
farthest north or south of the equator in June or December, the greatest 
migration of the lu^at (Mpiator northward or southwoi'd is found in July or 
August iuul January or l<\J)nuiry ; just as the hottest part of tlie day is an 
hour or two afb'r u<»on. Tlie shifting of the heat equator is particularly 
small on the (xieans. On the Piuiiiie it moves over 15® or 20® of latitude ; on 
the Atlantic, still h^ss, and only on the westorii jiart of this ocean does it cross 
to the south Cl rn hcniiisphcu’e when the sun is soutli ; being held elsewhere north 
of the equator by tln^ e.ool Afri(«iii euiTent : a notable conscquouce of this will 
be found in ScMd.ion 225. On the continents it shifts over a greater distance. 
In Africa it move's from about 2;i® N. to 20® H.; this migration being almost 
aymmetrical north and soutli, beeauso the land there extends about equally on 
(sitlior sidc» of the eejuator. In Aineric.a the migration is from vi5® N. to 15® S. 
A more pmniliar (*as(< is found in the Indian ocean and on the huid to the 1101101 
of it. When the. sun c^omc^s north of the ecpuitor, the heat oqiuitor runs 
beyond it to th<^ desserts of I’ersia in latitude 53® N. In the opposite season, 
when the siiii goc's south, the h(«it eejuator hangs behind it and reaches only 
10® S. latitude*, bc^cauHc* th(*r(» arc' no southern lands in these longitudes to tempt 
it further ; in Australia, liowc'vor, it reaches latitude 20® fc5. Tm]iortajit oon- 
seqiieuees of this iiiisymiuetrical migi-ation will bo fomid in th(3 chapters on 
tlie winds and rainfall. 
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An interesting study may be made of the migration of any intermedinitt^ 
isotherm of the temperate zones. On the oceans of the southern luuui»phc 9 iM*; 
the isotherm of 50® shifts annually from latitude 35® ot 40® to 45° or 50®. J n 
the middle of the North Pacific the shift of the 50® isotlierm is from latitLnlo 
43® to 63®. On the axis of North America the same line iniprrat(*H from 
Arkansas, latitude 33®, almost to the Arctic shore of British Aunudc^i, in 
latitude 67® j and over Asia it travels from latitude 28® in southoasterii Oliiiiti 
to latitude 70® near the Lena delta in Siberia. 


88. Northern winter Isotherms. The irregularities in the ootirse of tli<' 
isotherms already examined on the chart for the year are exceeded l)y tluiHn 
found on the chart for our northern winter. The lands tend to tiiko teini>(»i* 4 L- 



Pio. 10. 


^nto. „J tt. M.d tl.o 

•“■'‘It- 

paiticnkrlT on the twl ^ thorefope extraordinarily (leflacterl, 

carried to the aontb al* ** * * Horth Atlantia; the iaotlionna are 

backs. ^ -L»apiand. the Imes even lean over on their 

»j‘^l.^thT^;.n.?’ T“°r- tetpexatam of 



DISTIUBUTtON OF ATMOSPIIBEIC TEMPETiATUllES. 


78 


17.^ Areas not differing more tluiii two degrees from tlie mean of their 
latitude ai‘e shaded with vertical lines. 

For Jaiuiaiy thi^ northejistiu’n Atlantic and northwestern Europe ore 
regions of oxcessivo warmth for tlieir latitude, being about SC® F. in excess of 
their normal. Northeastern Siberia is the region of tlie most excessive cold 
in the world, having a tlanuary tem])crature of 30® below its noimol. The 
waters of the Alaskan l>ay and thc3 broken lands north of Hudson’s Bay are 
the districts of too high anil too low temporatiu'os in the new world, their 
departures being al)out 20° above and 2C° below their respective normals. 
Only small anoinali(*H are found in the torrid and south temperate zones, as 
might have been foreseen from the regular course of their isotherms. 



Km. 17. 


The July anoniali(*s are h^ss ])ron(mncnd than those of January. The 
northern contiiuMits an* wanner and tli(3 oct^ans anj colder than the normals of 
their latitudes, but ilie dt^partnnw are not so strong jis before ; excessive heat, 
!10® or more above thc^ normal, is found from ciisterii Silwria to the Sahara and 
in our western int«*rior d(3s**rts of Newada and Arizona. 

The annual anoiinilies (exhibit ]>ositiv(3 and negiitive departures in the 
northern heniispheni similar to thoset of ifanuary, hut less marked. A notable 

1 The <'.hartH fniin which thoHO ligurc*H are reducort wore construrtccl nn the hnsis of 
Bnohon’s tsotluTinal eluvrhi l)y Mr. S, K. Biitehelder of the Senior cIiihh of Ilnrvnrd College, 
1803. Tlio chart fnnn whicli KIg. IH Ih n*(liuic(l was (W)nHtnv’t.c(l by Mr. J. L. S. Connolly, 
of the somo chws. See Amorlcaii Meteorological Journal, vol. x. 
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negative anmifll anomaly is found near the equator west of South Amerioai- 
more strongly marked than anywhere else in the torrid zone ; this being the 
result of the long reach made by the slender extremity of Soutli America into 
the Antarctic eddy, thereby turning a great volume of cold southern water 
towards the equator. A peculiar effect of this cold current and the consequent, 
anomalous temperatures that it causes on the equator is to exclude coral polyps 
from the Ghtlapagos islands, while they flourish on the shores of similar islands 
further west in the Pacific, where the ocean current has become warm by longer 
exposure to equatorial sunshine. 

90. Annual range of temperature. Several important generalizations are- 
found on studying the distribution of large and small annual ranges of temperor 
ture, as determined by the difference between the means of the warmest and 
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coldest months. Lines of eqnal annual range are drawn in Pig. 18.^ In the- 
first place, the area of moderate annual range — less than 10® P. — extends nearly 
all over the torrid zone, where the annual variation of insolation is small ; and 
over a large part of the southern oceans, even to comparatively high latitudes, 
because the waters change their temperatures with so great difficulty ; but on 
the polar seas, the annnal range is strong in spite of their conservatism, 
because there the variation of insolation is so great. Passing next to areas of 
the most extreme range — over 70® — these will be found only on the large- 

^ See note to Figs. 1C and 17. 
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land areas far from the eq^uator ; hence no areas of extreme ronge^ are found 
in. the southern, hemisphere \ they are limited to the northern portions of the 
northern, continents^ where the strong variation of insolation readily causes a 
strong change in temperature. Great range of temperature^ therefore, char- 
aoterizes a continental climate in temperate latitudes, while a small range 
oharaoterizes an oceanic climate in nearly all parts of the world, 

A peculiarly unaymmetrioal distribution of large and small ranges is found 
on the eastern and western coasts of our northern continents. A belt of small 
range of temperature— not over 26“ — extends all along our Paoifio ooast, and 
aU along the western coast of Europe ; while the area of strong although not 
the most excessive range — over 46“ — extends along our eastern coast and 
over the eastern coast of Asia. The reason for this is to be found in the 
combined action of ocean currents and winds, particularly in the^ control of 
the distribution of temperature by the latter. In temperate latitudes, the 
prevailing course of the winds is almost from west to east. The western coasts 
of the oontinents are therefore breathed upon by the winds coming from the 
oceans j these are comparatively mild in summer and cool in winter : hence 
the range of temperature that they allow over the coastal land is small. On the 
eastern coasts, the winds blow from land to sea and carry with them the 
extreme changes from cold winters to hot summers. The western coasts con- 
sequently savor of an oceanic oUmate ; while the eastern coasts partalce of a 
continental climate. The eastern ooast of Asia is somewhat protected against 
tlie extreme cold of Siberia by mountain ranges some distance inland. The 
eastern part of the United States has no such barrier to keep back the cold 
winds from the far Northwest j hence the severity of our winter cold waves. 

91. Polar temperatures. The table in Section 27 gave remarkably high 
values for the insolation received at the poles on the solstitial days when the 
sun rose to the greatest altitude over the polar horizons. If tem|jerature 
followed insolation directly, we should find the hottest days of the world 
and of the year at the south pole on December 21, and at the north pole on 
June 20. As a matter of fact, the north and south poles are, as well as can 
be inferred, the coldest places in their respective hemispheres on these days. 
The reason for the small rise of temperature around the poles in spite of the 
great amount of insolation showered ux)oii them is found, first, in the necessity 
of melting the ice and snow before the land temperature can rise above 32“; 
second, in the large water areas near the poles : third, in the brief duration 
of strong polar insolation. 

Mention should be made of the peculiar migration of what is known as the 
northern ^^oold pole” or center of lowest temperature in the northern hemi- 
sphere in winter. In the southern hemisphere, we may reasonably expect the 
south pole to be the coldest spot throughout the year ; for it is within an icy 
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Ijlateau, surrounded by wide oceans. In tlie northern hemisphere, whilo it iH 
true that for the mean temperature of the year, the region inimeditt.toly around 
the north pole seems to be the coldest place in the hemisphere, and whilo tlio 
polar area is probably the coldest part of our hemisphere in summei* also, thiw 
does not seem to be the case in winter, as far as the present records of Arc-tio 
temperatures go. In that season, in spite of the continuous darkiioss at 
pole for five months, the temperature within the polar ocean is proUibly not 
below --42®, while in a certain part of noxiilieastem Siberia, the mean 
ture for January is — 60®. The reason for this, and for many otln: 5 r fiu^ts of 
temperature distribution, is found in the more rapid cooling of Ijind than 
of water, as well as in the circulation of the Arctic ocean ■^vat(lrH, to 
which reference has already been made. The charts of our wiutor hcuihou 
therefore represent a strongly marked cold pole in northeastern Hiboria, 
from which the temperature rises in all directions, north, soutli, t^nst, und 
west. 

It is possible, however, if future exploration discovers a considerable liuid 
area near the north pole, that the temperature there may faU to evon a lowor 
degree for January than is observed at the Siberian cold pole.^^ In this mm 
we may speculate as to the seat of lowest temperature in the northoru luuiii- 
sphere in summer. A polar land area would reach a comiiaratively liigh 
temj^rature in June and July, if not too heavily clad with snow and ict^ ; and 
It might then be even warmer than the ocean around it. In that naac, tlio 
suiter « cold pole” would be an annulus of low temperature around a polar 
oasis of somewhat higher temperature. 


it. queBtion of tempemtwro and 

T^eatlier and the. climatic feattircs of 
I up, the control of the circulation of tho 

ciieriSr-^^ Terences of temperature and the consequences of the 
cuetdation m produemg clouds, storms and rain must be examined. 
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CHAPTER VI. 

THE PBESSITRE AND OXBOUIiATION OF TEE ATMOSPHEBE. 

GENEliAIi PeINOJCPLES. 

92. The conditions of general convectlonal motion. If the atmosphere 
were everywhere of uniform temperature, it would lie still on the earth^s 
surface, and there would be no winds ; but we have learned that the tempera 
tore of the atmosphere is continually or periodically higher in one region than 
in another, and that the cliief valuations in the distribution of temperature are 
systematically repeated, year after year. This prevents the stagnation of the 
atmosphere and ensures a systematic movement of air currents from place to 
place. The general principles on which such movements depend are extremely 
simple and will now be briefly stated, in order to prepare the way for a better 
understanding of the charts of atmospheric pressure and winds, winch soon 
follow. 

Let it be supposed that a certain part of the atmosphere is maintained at 
a higher temperature than that of its suiToundings. The wormed air will be 
expanded ; its upper layers will flow off to the surrounding regions, cooling as 
they go, and the pressme at seorlevel will thereby be decreased in the warm 
region and increased round about it. The lower air, impelled by these differ- 
ences of pressure, will creep in beneath the warmed air, warming as it goes, 
and thus a regialar convectioual circulation will be established on a large 
scale. As before, in Section 63, this may be likened to the working of a 
clock: we expend a certain amoimt of muscular energy in winding up the 
weight against gitivity, and gravity then pidls it down again, driving the 
wheels and the hands. The stm warms a certain part of the air, thereby 
causing it to expand upwards against gravity; in other words, lifting the upper 
layers by the expansion of the lower ones. Gravity then pulls the upper 
layers down on the surrounding luiexpanded air, and the differences of pressure 
thus introduced drive the other members of the circulation. 

93. Arrangement of isobarlc surfaces In a general convectlonal circulation. 
This problem deserves deliberate illustration. Let Fig. 19 represent a vertical 
section of the atmosphere, in whicli the vertical scale is much magnified 
compared to the horizontal. If the temperatures be uniform at every succes- 
sive level, although decreasing at the usual rate from below upwards, then the 
isobario surfaces will be level and concentric, as explained in Section 18. This 
arrangement is indicated by the broken lines, numbered at the margin to 
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indicate their respeotive pressures. Let it now be supposed *1^^* temporu. 
tore of all the central region is raised by a certain amount. All tho nir tuns 
wanned will expand. The column EA wiU expand to height AW/ and liGinto 
the isobaric surface of 29 inches will take the position I>BC. All tiio overlying 
^ surfaces will be similiuiy liowod 
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tions et^nal to the pressure upon them. 


upwards, the highest of thoui Unu^ 
orohed by the greatest nuioiiiit. (J( in- 
sider now the condition of any two 
volumes of air at eq.ual lioights, one 
in the warmed reg^ion at the 
other in the cooler space nt IP, Tlu^ 
pressure on j 2 ?is 27.10 5 tlio pnwHiire 
^ on i?’ is 26.90. These volumes oxort 
an expansive preasuro in all dircM*.- 
Hence the series of similai* volniin‘8 


between J? and IP not be in equilibrium, but will be pushed outwjird to th(' 
left ; and if this outward force suffices to overcome friction, movonient in that 
direction will ensue. 

This condition of motion may be illustrated by the principle of the inclined 
plane, as follows. Let STy Fig. 20, be a magnified part of one of tho bowed 
isobario surfaces of Fig. 19. As far as the air above this plane is couceriK^b 
all the lower air might for the moment be removed and replaced by any rigid 
body having a surface, ST, A volume of air, (?, resting on the plane, is drawn 
down by the gravitative force, Qg, This may be analyzed into two ('.omiK)- 
nents, one of which, at right angles to STy causes no motion, while tlu^ 
other, Qoy parallel to the plane in the direction of its descent, xirgos the air 
to move down the slope. 


In whichever way the problem is viewed, it is clear that tho upper air 
above the warmed region is impelled to move away laterally and accumulate 
over the cooler surrounding region. In 
consequence of such movement, the pres- 
sures at sea-level will be rearranged. Let 
it be supposed that the pressure at ^ is 
thus decreased to 29.50 ; while that on 
the marginal area is increased to 30.25. 

What will be the position of the isobario 
surfece of 30.00 under this new arrange- 
ment ? It could be found beneath H by 
descentog a shaft a^t 460 feet deep, as at A, Fig. 21. It could be found above 
A l)y liaing about 226 feet into the air. The pressure E being 29. 60, and at K 

teing 30.25, the pressure of 30.00 at sea-level may be expected at Jlf, one third of 

the distance from K to E. The curved line LMJM'L ' may now be drawn, an in- 
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clioatmg with stifflcient accuracy the new position of the isobaric surface of 30.00. 
From this as a base, the overlying surfaces may be constructed ; for the height 
of a column of air between adjacent surfaces corresponding to a baroiuetrie 
inch under a given pressure and at a given temperature, may be taken from 
meteorological tables. It is, how- 
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isobaric surfaces must incri^aao in 
passing from the cooler to the 
waiiuor region ; or, in other words, 
that the whoh^ system of rearranged 
isobaric surfimtjs must diverge from 
one another as they enter the warm 
region. Hence the central depres- 
sion seen in the concave sui-face of 30.00 will griuhuilly weakoii in the higher 
surfaces, and if wo ascend high enough it must entirely disappear and Lq 
replaced by a central eh*vation in a smues of convex surfaces. Oim of these is 
shown in the upiwrmost full line of Fig. 21. Between this line of 20 indies 
pressure and the isolwir of 27 inches, other isobaric sui-fiuios iniglit Iw drawn 
for the fractional i)art8 of the incdi ; and one of these at tlu^ lioiglit iVW' would 
be level ; this is called the neutral phtm. Above it, the air tends to flow 
outward ; below it, the air follows the slope of the isobaric surfaces and tends 
to creep inward. 

94, Conditions of steady motion. The arrangtiment of the isobars thus 
determined by the iirst outflow aloft suffers still further changt^ on account 
of the inflow established below. The strong diffcreiuMi between ctuitral anil 
marginal pressui’es that wjis first assumed is (liininishod, and linally falls to 
just that value by which a steady circulation can lie maiutjiincid, as illustrated 

- — ii» Fig. 22. rnasmudi as tlie resist- 

an{U‘.H to motion eiKuuiiitiU’ed by the 
air v(n*y small, the final arrangit- 
ment of the isobars luis very faint 
Bloj)eH. TIu^ initial differeiiiu^ of 
temperature iM^twiu'n the central 
and marginal regions is lessened 
by the interehangi^ of air that it 
produces ; but as long as any diffei*- 
enoe of tem])eraturo is inaintainod, 
a system of diverging isobaric surfaces will be maintained also, with outward 
slope above and inward slope below. The action of gravity on the inclined 
isobaric surfaces will theu bo entirely expended in overcoming tlie resistances 
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excited by the motion^ and not in acoelemting the motion to hig'lit^r ai'd liiglic^r 
velocities. This is like the case of a train of cars whicli an engine is jjiilliiig 
with all the force of high pressure steam, and which nevertlaoless does not 
exceed a certain speed of travel : the resistances excited by tko movcuuont of 
the troin have then risen to equality with the pull of the engine, tuul no higher 
speed can be attained. 

In the case of a large conyectional circulation in the atinoHidiero, tlii^ 
velocity of steady motion will be greater if the central region is k(q)t vci\y^ 
warm. If the central region is maintained only a few degroos above tli<% 
temperature of the surrounding region, the velocity gained will ho modcrnfco. 
If the supply of heat for the central region varies periodically, tlio difforonciw 
of pressure produced and the velocities maintained by them will vary in tho 
same period, changing with the rise and fall of central temperatures. Tf the 
central region is cooled below the temperature of the surrounding region, it 
will become an area of high pressure, with outflowing surface winds. Jf tlio 
central region is alternately warmer and colder than the surrotinding region, 
the direction of the circulation wiU be changed in corresponding iieriods 5 tlio 
sui^ winds flowing inwards when high temperature and low prossuro pre- 
vail, and outwards when the conditions are reversed. 


95 . i^omeWc gradients. The term, gradient, has oJready been mtrroluoocl 

. m conneotira mth lie Tertioal diminution of temperature, to indiooto a mto of 
toaease. We now find need of the same term in connection witli the doia-o.'wc* 
barometric pressure in passing along a horizontal surface, such as soa lovol, 
^ae margin to the cento of a warmed region, or from the cento to the 
of a cold repon. If the slope of the isobaric surfaces is stooj,, the 
homonto decrease of pressure will be rapid, and the gradieut will stl n.« : 

to gra^ent, co^only taken to measure only a rate of decrease of pn-smiro 

si* indicates the amount of slope of au isobaric 

rate The rab. nf T ^ or of slope is commonly stated with the 

^ of decrease is commonly expressed in hundredths of an inch of 

Ln ^ ^ * ^ijarter of a latitode-degree of horizontal distance-^ OHus subieet 
will be met again in Section 113. vuouimoe. a.nis subject 


96. Ven^ components of a convectloiial circulation i 

descent of fl.iT* currenta canaA/l Twrirknoi ;!• i * J-ue Asnont luul 

in Sections^ ™ ^ ^ 

nnder fevorahle conditions, as on waZXd plato^ ^ “T 

springuptowardsnoom The vertical movemenSt^’tlXXt::^^^^ 
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acoompajiying horizontal moyementa, both in velocity and in distance traversed ; 
but in the examples of larger convectional circulations here considered, the 
case is quite different. The diagrams employed in the previous section are so 
greatly exaggerated vertically that they give wrong ideas in this respect, unless 
care is taken to conceive of the circulation in its true proportions. It must be 
borne in mind that all the larger examples of convectional circulation in the 
atmosphere have much greater horizontal tlian vertical dimensions. A vertical 
thickness of possibly twenty miles may be allowed for the general circulation 
between the equator and poles, and much less than that for the circulation 
between the continents and oceans ; but the hoiizontal distances over which the 
circulating winds travel may be measured in huiidreds or thousands of miles. 
Not only so ; the cross-section of the ascending cuiTonts in the warm or cold 
central region may have a mucli greater area than the cross-section of the inflow- 
ing or outflowing winds ; hence tlie velocily of ascent or descent in the central 
area may be small w)mi)ai‘ed to the velocity of inflow or outflow aroimd it. It 
follows from this that the vortical components of the larger atmospheric con- 
vectional motions are compiu’atively inoonapicuous ; they have low velocities, 
and tlie regions over which they occur occupy but a small share of the area 
swept over by the whole (drculation ; they may be much confused by local 
convectional currents, like eddies in the general downstream flow of a river. 

It is d(‘.Birable to gain a clear conce])tion of these relations, os well as of 
the process by which the circulation of the atmosphere is kept up, in order to 
avoid certain ciireless forms of statement. It is not iincommon to hear it 
said: ^*Tho air is heated and rises, and the cold air nishes in from eitlier 
side to fill the voc.uuin thus formed.” It is l)etter to express the facts of the 
case by saying ; “ As th(^ air is heated, it exjjands and overflows aloft ; the 
colder air tlu^n ( 3 r(‘.e])H in iKJueath from either side, warming as it goes, and 
raising the warmer air slowly above it.” This places the slow ascensional 
movement in the warmed region at its true low value, and correctly suggests 
that tlie driving forc-o of the circulation is found in the gravitative i^ressure of 
the colder air from the sides. 

97. Application of the general principles of convectional motion to the 
case of the atmosphere. Tho knowledge gained in the foregoing chapter 
(jonceming the (wnitrol, distribution and variation of temperature in tho atmos- 
phcr (3 should enable tb (3 student to make correct application of the principles 
stated in the i)receding stictions. He slundd expect to find a belt of low 
pi'esBure around tlie boat ecpiator, with c-aps of liigli pressure over the poles 5 
the eqiuitorial belt of low jiressuro should migrate north and south after the 
sun, and the oontraats between equatorial and polar pressures should be 
greater in tho winter tliiui in the siunmcr hemisphere. The continents should 
have lower pressures than tho surrounding oceans in summer, and higher 
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presBures in winter. The regions of marked abnormal temperatures for their 
latitude^ such aa those of abnormal warmth in the northern Atlautio and 
Paoifio^ should have correspondingly abnormal pressures. The winds should 
blow outward from the regions of high pressure towards those of low pressure; 
hence there should be a system of winds blowing from either pole towards the 
equator, but more or less modified by an indraft towards the continents in 
their summer season and an outflow in their winter. The uppermost currents 
should move opposite to the surfaoe winds. The velocity of the winds should 
be greater where the barometric gradients are stronger ; hence greater in the 
winter hemisphere aa a whole. Along the axis of the equatorial belt of low 
pressure, as well as in the centers of the polar and continental areas of high 
or low pressure, where there are no gradients, there should be no winds ; that 
is, calms should prevail. With these deductions in mind, the charts of 
pressure and of the winds for the year should 1)6 examined Certain supple- 
mentary explanationB must be introduced before all the facts concerning the 
pressure and circulation of the atmosphere can be understood, but no proper 
beginning can be made in this chapter without an understanding of the 
theory of convectional circulation. 

The Mbasurbmbot and Disteibutiok of Atmospheric Pebsstteb. 

98. Measurement of atmospheric pressure. Eeferenoe was made in an 
earlier chapter to the pressure exerted by the quiet atmosphere upon the level 
surfaoe of the ocean. The pressure would be uniform all over the world, if 
there were no differences of temperature and no winds. We must now investi- 
gate the means of determining the actual pressure at any place, and the 
general distribution of pressure over the surfaoe of the earth under existing 
conditions. This requires, first, an examination of the construction and use 
of barometers, and, second, the study of charts on which the results of 
barometric observations are displayed 

Barometers ore of two kinds. In instruments of one kind the pressure of 
the atmosphere is counterbalanced by the weight of a column of liquid of 
known density and measurable height; as the liquid employed is usually 
mercury, these are called mercurial barometera. In instruments of another 
kLad the atmospheric pressure is balanced by a spring inside of a closed 
metallic box from which the air has been exhausted, so that any change in 
external pressure deforms the box slightly. These are called wneroid barwnr 
et&rsy from being made without employing a liquid. 

99. Mercurial barometers are made on the principle already explained on 
page 11. Various special devices are employed to simplify the measurement 
of the height to which the mercury column is held up in the tube above the 



THE PBBSSUBE AM) OIBOULATION OE THE ATMOSPHERE. 88 


level of the surface of the mercury in the dish or vessel on which the air 
presses. The Fortin barometer, illustrated in Fig. 23, is 
most commonly employed in the stations of the Weather 
Bureau. The glass tube containing the. mercury is enclosed 
in a brass tube, open in the upper part on two sides, so that 
the top of the mercury column may be seeuj it is graduated to 
inches and tenths on the edge of the opening Qt), The air 
gains access to the surface of the mercury in the vessel 
below through tlie line crevices at the top of tlio vessel, 
where a glass ring (b) joins the base of the brass tube. The 
bottom of the vessel is a buckskin bag, within a brass 
cylinder (o), a.gainat which a thumb-screw ((1) presses from 
below, so that the height of the mercury surface in the vessel 
can be raised or lowered until it jiist touches the end of a 
&ie ivory pointer (inside the gloss ring, b,) which represents 
the zero point of the brass scale. When thus set, the height 
of the mercury in the tul)e can be accurately read by a vernier 
or index (v) that slides in the opening of the brass tube. A 
good instrument of this kind costs about thirty dollars. 

100. Correction for temperature. lieadings thus made 
must bo corrected for temperature, because the expansion of 
the mercury is greater tliaii that of the brass tube which 
carries the scale. If two barometers wore under the some 
atmosphciie pressuro, one in the cold outer air and tlio 
other in a warm room, the latter would rend higher than 
the former. To make allowance for this, the tempera- 
ture of the barometer is detmunined by a tliermometm* (t) 
attached to the tul)e, and all readings are reduced to what 
they woidd l)(^ if the tomporature of the whole iiiHtrumeiit 
W(ue 32®, by means of corrections given in barometri(i tables. 

This correction must bo applied before different readings ore 
compared. 


101. Correction for latitude. The force of gravity, by 
which the spheroidal form of the ocetui surfiice is determined, 
is not a constant, but varies from a maximum at the indes 
to a minimiuti at the equator, its greatest and least values 
being in the x)roportioii of 19.3 to 192. It follows from this 
that if there were a uniform atmospheric pressure over the 
earth, the borometrio readings at seorlevel would vary ; being 
progressively greater towards the equator and less towards 
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the poles than at latitude 4:5**, where the average reading would be found. 
Hence, in oarefol oompaiisona of mei-oorial barometrio observations at different 
latitudes, the readings must be corrected by reducing them to some standard 
latitude, as 46®, hy the following tables — 

Latitude .... 90° 80 70 80 60 40 80 20 10 0 

Correotion . . . +0"'.08 +.07 +.00 +.04 +.01 -.01 -.04 -.00 -.07 -.08 

It appears from this that a reading of 30.00 inches or 762 mm. at the 
equator corresponds to 29.92 inches or 760.00 nun. at latitude 46®. The varia- 
tions of atmospheric pressure seldom range over an moh and a balf during an 
entire year, although a change of half an inch in a day is not rare in our 
latitudes. Dealing with quantities of so small a magnitude, it is essential 
that a good mercurial barometer should imd accurately to a hundredth of an 
inch at least. Instruments of less accuracy are not serviceable in serious 
study, although they may be useful in indicating weather changes. 

102. Aneroid barometers* Ordinary variations in atmospheric pressure 
suffice to cause a small change in the sMpe of a spring within a metallic box 
or case from which the air has been exhausted. The changes may be maguided 
by means of a system of levers, which finally turn a hand on a did to indicate 
higher or lower atmospheric presstue ; the dial being graduated to correspond 
to tlie inches of the mercurial barometer. The errors involved in such a 
mechanism are too great to warrant full oonfi.denoe in the readings of tlie dial. 
The direct microscopic reading of an arm soldered to the side of the metaUio 
box gives better results, but is seldom employed. A good aneroid barometer, 
costing twenty or thirty dollars, is of value as a weather glass, if carefully 
observed ; but its readings are by no means so accurate as those of a good 
mercurial barometer. Observations of on aneroid barometer are not acceptable 
in meteorological records, unless the error of the aneroid is known by frequent 
comparisons with a good mercurial barometer. 

As aneroid barometers depend on the elaatioity of a metallic spring and 
not on the force of gravity, their readings do not need a correction for latitude. 

103. Barographs. The need of continuous records of atmospheric pressure 
has led to the invention of merourial and aneroid barographs of much value. 
The merourial barographs give records that may be trusted to the hundredth 
of an inch, but their cost is so great that they cannot be commonly employed. 
Aneroid barographs made by Biohard Prferes of Paris (Pig. 24), cost about 
$26, without duty, and like the thermographs of the same makers deserve 
much more general introduction than they have yet gained in this country. 
They should be frequently tested by comparison with a good mercuric 
barometer and a correct clock ; if this is regularly done, their records may 
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be trusted within a fiftieth of an inch. Sample barographic curves ore given 
below in Fig. 26. 

Among the most interesting records obtained from barographs are those 
m a rking the atmospheric wave produced by the explosive eruption of the 
volcano Krakatoa, in the strait of Siinda between Java and Siuuatra, on 
August 26-27, 188;L The chief explosion occurred at ten o’clock iu the 
morning of August 27, local time (= 2 ^ 60“*, Greenwich timtO ; it spread 
outward in all directions with a velocity of about 700 miles an hour, or a 
little less than the usual velocity of sound. About eighteen hours were 
required to i)ass around the eai*th to the antipodal i)oint, whence the wave 
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returned to Krakatoa again. Three luiBsagcm out and back arc indicated by 
the barometri(j r(»c.ordH from various ])ai’tH of the world, the agitation of the 
atmoH])here continuing over four days before it became impercteptible (see 
Section 71). 

104. Diurnal variation of the barometer. Wlien hourly observations of 
the barometer arc continued for a (ionsiderable period, or when barograph 
records are carefully (^xamimul, tlu^ mean values of pressure for the soveinl 
hours of tho day may be dt^termiiu'd, and a double oscillation of diunial i)onod 
will then bo found. This is most distinct in tho torrid zone, where it amounts 
to ten or twelve hundredths of an inch, having a chief maximum al)out ten 
o’clock in the morning, a cliiof minimiun about four in the nftenioon, a 
secondary maximum about ttni in the evening, and a subordinate minimum 
about four in tho morning. The variation diminishes towards the poles, and 
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is less in winter tlian in summer. In this country it is seldom over a tuntli of 
an inch. At interior continental stations the subordinate oscillation diiuiniKlu^H 
in value. The curve for May in Fig. 25 is from a record at Harvard Collc'ij^o, 
for a spell of fair spring weather, May 17 to 25, 1887, in which tho <liurual 
variation is faintly shown ; the maTimfl. by +j the minima by 0, 



The cause of the diurnal variation of pressure is undoubtedly to b<^ found 
in the dinmal variation of temperature, but the operation of tho oaiiso in 
producing the effect is not well understood. 


105. faegolar fluctoatlonB of the barometer, having a period of ono, two 
or toe days, are •caused by the alternate passage of areas of stormy and fair 
weather. Such changes are comparatively rare in the torrid zone ; but tliov 
occur eve^ toe or four days in the greater part of the temperate zomw, and 
m our -winter season these fluctuations become so strong tliat tho diurnal 
variation IS hardly perceptible; as in the Febniaiy curve i.i Mg. 2fi, 

from a^gi-aph record at Harvard College for Februaiy 22 to 28. 1.S87 

areas passed by, causing rapid weather (thanges. 
Miutotions of this kind are further considered and illustrated iu tho cluiptcrK 

MvSri T fluctuations have also boon dcdxi.tod. 

Mver^ Boye^ weeks or a month ; these are generally called surges but tlu>v 
have been httle studied and their cause is not understood. ^ ^ 

106. Barometer obsOTations. Observations taken at 7 a.m., 2 and 0 i> m 

pto.toto. oth» toito. dtoitod to rZtoj T" 

are : the diurnal variation. determinP^ frnJ.T ® oaiometiio obsorvutimm 

hourly observations ; the mean monthly maximum^^^m”°- 

the mean monthly range is determined • the m +i.i * 'wliich 
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107. Comparison of observations: reduction to sea-level. Barometric 
observations made at different heights above searlevel may be compai*ed by 
their depaitures from their local mean annual or normal valnos ; this being 
the method adopted in the early paii; of tliis century. A more satisfactory 
means of comparison is found in reducing all the observations to values tliat 
would have been obtained if they had been made at the same altitude ; for 
example, at searlevel. This is done by jwlding to each reading (corrected for 
temperature) a 8ui)plementary pressure to make up for the iimiginary oohunn 
of air that may bo conceived to reach downward from the station of observation 
to searlevel. The value of this supploniontary pressure depends chiefly on 
three factors : first, the altitude of tlie station ; second, tlie pressure at the 
station, for if the observed prossui*o Iw high, the imaginary column would 
contain nir of greater density than usual; third, the temperature of the air, for 
if tlie temperature at the time of observation is higlier than usual, the air of 
the imaginary column would he exi>anded to a comi>arativ(ily low density. 
Tables for the reduction of Imronietrio nhservations to M(ui-levcl, the altitude 
of the stiition being given, are furnished in the Instructions to Voliuitary 
Observers, i)ubli8lied by the Weather Bureau. 

Ill prc 2 )aring single buromotric records for piiblioiition, all the data should 
be correcited for temperature ; but it is best that they Hhould not ho corr(M*.ted 
for altitude above seti-level. Tlie corrections for rediu'.tion of the monthly 
mctans to sea-level should, however, ho determined and published with the 
means themselves. 

It must ho rememhorod that the pre^HHuro indicat<ul by the barometer 
oorreHj)()ndH to the weight of the atnuisplu^re only when thci air is ejilm. Wlieu 
it is moving, particularly when its velocity is high and variable, or when its 
temperature is rai)idly eluuiging, the atmospluu'ie. jinissuro on the barometer 
may he groatcu* or loss than the weight of tlui air ; but the differences must bo 
small in all ciiscfs; in thunderstorms, it mtiy remsh I-2()th inch (Section 254). 

108. Barometric determination of altitudes. Ah the rate of the decrease 
of atmoHjsheric iircmsuro uiswards is known, it follows that the baromot<jr may 
be used in the detcinniiiation of th(s altitude of a station above scsa-lovel. This 
is commonly doncs in (sx])l()riug expeditions and in ])reliminary survoys, the 
observations Ixsing reduced by H])(s(iially pr(s])ared bihles, siush as those inddisliod 
hy the Smithsonian Institution at Washington. The dctoriuiuatioii of altitudes 
used in n?du(ung haromctri(5 observations to seti-level should, Jiowever, bo made 
hy c.areful levelling. 

A (lonvonient ruh^ for finding the difference of level between two places by 
means of barometric observations is as follows: The difference of level in 
feet is equal to the difference of i)reHHures in inches divided hy their sum and 
multiplied hy the number 55,701, when tlie mean of tlie air temperatures 
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at the two places is 60°, If the mean temperature is above 60°, the 
multiplier must be increased by 117 for every degree by which the mean 
exceeds 60°; if less than 60°, the multiplier must be decreased in the same 
way. For example, if the lower station has a pressure of 30".00 and a 
temperature of 62°, and the upper station has 29'^00 and 68° respectively, the 
difference of level between the two will be 

66,761 = 946 feet. 

If tlie lower values aa’e 30".16 and 66®; wliile tlie upper values ore 28".67 
and 69®, then the formula becomes 

+ ^ >^58,761 + (2 X 117)] =1409 feet. 

109. Barometric charts. Charts showing the distribution of atmospheric 
pressure are prepared in much the same manner as those already described for 
temperature. Wlieii observations have been continued for a number of years, 
the corrected mean annual and montlily values are reduced to seorlevel and 
charted upon a map of the world ; lines of equal pressure may then be drawn, 
these being called woba/i'io Unesj or more briefly, isobars. The charts prepared 
by Buchan or by Hann 01*6 the most recent and complete (Section 80). Clmits 
VI, VII, and VIII are reduced from those prepared by Buchan. The general 
distribution of pressure for the year and for January and July may now be 
considered. 

110. Isobars for the year. The annual isobars on Chart IV show a belt 
of slightly diminished pressure running nearly around the equator ; on either 
side there are belts of higher pressure, somewhat irregular in shai>e, with tlieir 
middle lines about latitude 36° north and 30° south. These high pressure 
belts may be called tlio meteoroloffieal t9*ojpi(38^ The pressure then diminishes 
towards either i)ole, although in the northern hemisphere this diminution is 
much less maa'ked and more irregulajr than in the southern ; the lowest northern 
pressures being in the North Atlantic and North Pacific oceans. The differences 
of pressure thus fotuid among the mean annual values ore truly veiy small, 
their range from the highest in the North Pacific to the lowest in the for 
Antarctic ocean being only a little over an inch ; but they are of great signifi- 
cance, as will be seen when the winds of the world are examined. 

1 The tropics are, etymologloally, places of taming : hence the Tropics of Cancer and 
Oapricom, where the sun stops and tiuns in its annual migration north and south. The use 
of the term in the text here will be found later on to mark a limitatlGn or taming In the 
course of the winds as w^l as In the direction of the gradients, of great oUmatio importance ; 
greater, indeed, than that determined hy the zenith altitude of the sun. Common usage often 
oonlounds the geographical tropha with the torrid aone which they hound. See footnote to 
Section 217. 
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111. Vertical section of the atmosphere along a meridian. If a yertical 
section of the atmosphere be cbawn from pole to pole, it will be found to offer 
certain instmotive contrasts to the condition described in Chapter II, where 
the isobaric siu'faces of the atmosphere were imagined to lie level and essen- 
tially parallel and concentric under the action of gravity alone. Fig. 26 
represents the desired section, 
the meridian line at sea-level 
being drawn as a straight line 
in order more easily to repre- 
sent the attitude of tlie iso- 
bai'io surfaces with respect to 
it, The vertical scale is greatly 
exaggerated. The poles are 
at N and /?, the eq[uator is 
passed at Q. The jn^essures 
at searlevol are taken from 
characteristic values on the 
chart of pressiu’es for tlie 
year. The position of the isobaric surface of 30.00 is determined in the way 
employed in Sec-tion 93 ; here being seen as a lino, it takes the shape ABCDBF, 
Other iflolmdo surfsuses may then be added at greater heights, remembering 
that the lines by which they are represented must diverge in passing from the 
cold polar regions towards tlio wann torrid zone. The isobaric surfaces of 
30.00 and 29.90 woidd be 98 feet apart at the equator, and 82 at the pole : the 
surfaces of 24.00 and 24.10 would be He])arated by about IIG and 96 feet, 
i* 08 i)ectively. Consecpiently, the irregular wari)iiig of the lower isobaric 
surfaces is gradually changed to a system of regidarly convex isobaric surfaces 
in the upi>or atinosjdiore. The ecpuitorial l)elt of low i)rossure at sea-level has 
entirely disai)i)carod at a height of about 12,000 f(»,ct; there is at that height 
and at all greatm* heights, a continuous ])olowjird slope of the isobaric surfaces, 
of faint inclination in tlu^ torrid zone, but l)eooming much steeper in higher 
latitudes ; tlu^ gn^atitst inelinatioii btung in the southern liemisphere. 

The arrangiuncnt of isobaric surfaces as thus determined is a matter of the 
greatest moment in (jonsidtu’ing tbci circulation of the atmosphere. Recalling 
what has be(*n said about gradients, it is manifest that there must be a strong 
gravitativo a(«?eleration towards the pole in the ui)per atmosphei*e, and any 
theory of atmosi)hcric circjulation that does not take this fidly into account is 
faulty. 

112. Meaning of Isobaric lines. Thi^ method of drawing isobaric lines 
on a chart has been briefly nientioiiod in Section lOi) ; but it slioidd now be 
perceived that every isobaric line on the charts rei)resent8 the intersection 
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of some isobario surface with the imaginaiy sea-level surface to which all 
barometric observations are reduced. Under ^the condition of unifoiinly 
distributed pressure, aesumed in Section 18, there could be no isobario lines, 
for the pressure at sea-level would everywhere be about 30.00 ; but as a matter 
of fact, the atmospheric pressure varies over the world ; the isobaiio surfaces 
are not level but are warped, as is shown in 'Fig. 26 ; and hence isobario lines 
may be taken to indicate their intersections with sea-level. Given the isobario 
lines on the chart, the isobario surfaces which they stand for may be 
reconstructed.' -A^y chart on which isobario lines are di’awn should be inter- 
preted according to this suggestion. 

113. Interpretation of gradients. Still another use may be made of 
Pig. 26. Suppose the section is drawn north and south through the middle 
of the Pacific, where the pressure at the equator is about 29.80, and where the 
isobar of 29.90 lies at latitude 10® N. Let this part of the section be drawn to 
a larger scale in Pig. 27, in which isobario surfaces are represented for every 



two hundredths of an inch. In this region it would be said : the barometric 
gradient is gentle, to the south. We may now proceed to calculate the value 
of the gradient in more definite terms. The action of gravity on an inclined 
isobario surface, as explained in Section 93, must be recalled. By what small 
share of gravity will the air be urged to move equatoiwax*ds at the point A, 
where the isobario surface of 29.90 intersects sea level ? The dimensions of 
the triangle, ABC^ may first be determined. The base, AB^ is the distance 
along the meridian corresponding to an increase of 0.02 in pressure; and 
according to the chart of isobars for the year this is about two latitude degrees, 
or 140 miles, in the region under discussion. The height, BC^ may be taken 
from the table given below, as equivalent to the height of a column of air 
under a pressure of 29.90 and at a temperature of 78®, and corresponding to 
two hundrediiiB of an inch of barometric pressure. This is 19.4 feet. It is 
now desired to find the ratio of Ga to Gg. This may be done by the following 
proportion : — 

Ga: Gg — BC: CA. 

BA may be substituted for CA without significant error, and we have : The 
efEective component of gravity at is to the entire force of gravity as 19.4 is 
to 140 X 6280. The effective component is therefore only .000026 of gravity. 
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It follows therefore that this extremely small force is all tliat can be 
called on to move the air in the region referred to. The gradients in other 
regions may be somewhat weaker or stronger, but it will be found that in nil 
coses only a small share of gravity is at work to maintain the circulation of 
the atmosphere. 


Height of a Column of Air equal to ^ Inch in tub Barometer. 
(Arranf/cd Ji^om Ilazen'ii Tahl&i.) 


pRBaflDRB. 

0® 

K)® 

20° 

CO'’ 

4(»® 

60® 

CO® 

70° 

80® 

0()“ 

100“ 

22 " . . . 

111 

114 

110 

110* 

122 

124 

127 

130 

132 

136 

188 

24 ... 

101 

104 

10(J 

100 

111 

114 

no 

no 

121 

124 

120 

20 . . . 

04 

00 

- 98 

101 

103 

106 

107 

no 

112 

114 

no 

28 ... 

87 

80 

01 

03 

06 

08 

100 

102 

104 

100 

108 

20 . . . 

84 

80 

88 

00 

02 

04 

00 

08 

100 

102 

104 

20.6 . . . 

as 

86 

87 

80 

01 

03 

06 

07 

00 

101 

108 

80.0 .. . 

81 

83 

86 

87 

80 

01 

03 

06 

07 

00 

101 

■80.6 . . . 

80 

82 

84 

80 

88 

1 

00 

02 

04 

m 

08 

100 


If these paragrtiphs have been appreciated, it is not too inmsh to say tliot 
the chart of annual isobars will have by their {iSHistance gained an entirely 
new moaning. The chart now represents not only a number of lines along 
which the pressure of the atmosphere at sea-level is eqiud ; it reiirosents tlu^ 
linear iiitersoetious of the sea-level surfjuie with a systom of warped isobaric 
surfaces, inclined one way or another at various angles. The gradient, which 
before represented only the direc.tion and rate of decu'easo of pressim^, or the 
inclination of tho isobtiric Burfa(tos, is now given a definite value ns a part of 
gravitativo force. Where the adjiicent isobaric liiujs are closer together on 
the chart, there tho isobaric surfaces must b«^ more stiiejdy tilted, and hence 
there the winds may be ex])ect(»d to blow faster ; where the lines are further 
apart, tho inclination must bo faint and the winds should Iw slow. Along the 
trough of the eqiuitorial bolt of low ])ressure, or along tho axis of eitlier 
tropical belt of high pressure, there must be strips of surfac.o having i)ractioally 
uniform i)rQ 8 Buro ; hero the isobaric. surfac.es must Im ])arallid to tlie surface of 
the sea 5 here the gradient must be zero ; lien^ c-alms should prevail, interrupted 
by light convectional breezes, and this wo shall soon find to l>o tho fact. 

114, Isobars for January and July, Chart V, giving tlie mean pres- 
sures for January, differs from that of tho year in several suggestive ways. 
The axis of the equatorial belt of low pressure — the barometric equator — 
is found to have shifted somewhat .to tho south of its average annual position ; 
the northern tropical belt of high pressure has greatly broadened over the 
lands, where its pressure has increased, pai*tioularly over the greatest of aU 
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land areas, the Bnr-Asiaa continent ; ^ the north polar pressure is somewhat 
higher than it was for the year, but the low pressure areas over the northern 
Atlantic and Pacific have become more strongly marked than before, and 
hence the general extra-tropical gradients of the northern hemisphere ore 
stronger at this season than for the annual mean. 

Passing now to the southern hemisphere, the tropical belt of high pressure 
is interrupted over the lands, and its average pressure is a little less than it 
was in the annual mean; the fiir southern latitudes show no signifioont 
change, observations not extending beyond latitude 70®, but the poleward 
gradients there are slightly weakened by the small decrease of pressure in the 
tropical belt. 

In Ohaarb VI, for July, the barometric equator has shifted to the north, 
and the drift is so strong over the lands that the northern belt of high 
pressnie is destroyed, except on the ocean, where its remnants are correspond- 
ingly increased; they appear as two oval areas of distinct high pressure, 
which lie farther north than the axis of the belt in January ; the north polar 
pressure is lower than in the chart for January, but the gradients around it 
axe on the whole weaker. 

In the southern hemisphere the high pressure belt is almost continuous ’ 
around the world over land and sea, and its is farther north tlxun in 
January ; the polar pressures show no significant change as far as observed, 
but the poleward gradients are slightly stronger than before on account of a 
slight increase in the pressures of the tropical belt. 

It has been calculated that the mean pressure over the whole earth for the 
year is 29.89 inches or 759.20 mm. The mean pressure for the northern 
hemisphere for January is 29.99 ; for July, 29.87 : and for the southern 
hemisphere, 29.79 and 29.91. It appears from this that there is a much 
greater difference between the quantity of air over the two hemispheres in 
January than in July; and that the change is due to the shifting of an 
amount of air corresponding to a presBure of 0”.12 over a hemisphere, or a 
weight of about 32,000,000 tons of air, from one side of the equator to the 
other every half year. The relation of this semi-annual variation to the 
corresponding variation of temperature already considered is obvious. 

i It i^Duld be nndexBtood that the charted laccrease of preesare in winter over continent^ 
plateaus Is not an actual iucrease shown hy direct oheeryatlon, but only a relative increase 
seen after reduction to searlev^ The actual pressaie on high plateaus is less In winter than 
in summer. The colder atmosphere In winter is compieased to lower levels, and leaves less 
air above the elevated plateau surface ; but In the summer the expanded air from other parts 
of the world flows on the plateaus, and their pressure is Increased. Yet if a comparison is 
made between the observed pressure on a plateau In winter and the calculated pressure at 
the same altitude over the adjoining ocean, the fonzler will be found greater than the latter. 
It is this kind of comparison that is given on the Isobailo charts, where idl observations are 
reduced to the same level. 
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116. Suggested explanation for the distribution of pressure. If it were 
not for the low pressures at the poles, one might say at oncse that the distribu- 
tion of pressure is determined by the distribution of temperature. Where 
high temperature prevails, the air would expand ; its upper layers would flow 
off, leaving low pressure, and aecumulating in regions of prevailingly low 
temperature. Areas of liigh and low pressure should therefore be expected 
in areas of low and high temperature. This is indeed true to a certain 
extent : there is a belt of low iiressnre around the heat equator ; and this low 
pressure belt migrates nortli and south with, or a little after, the heat equator. 
The continents have low pressure in summer and high pressure in winter, as 
their thermal relations to the surrounding oceans would have led us to expect. 
The areas of abnormally high winter teiniwrature far north on the Atlantic 
and Pacific oceans have distinctly low pressure at the some time. But no 
cause is apparent for tho tropical l)elts of high pressure ; and at tlxo poles, 
where .tlie low temperature of winter in particular would lead us to look for 
very high pressures, the facts contradict our expectation in tlio most emphatic 
manner. The polar regions have relatively low xiressiiro the year roimd : the 
whole south frigid zone has lower mean pressures than occur anywhere else in 
the world. 

Before attempting Iiutlier search for an explanation of tho distribution of 
pressures, the general circulation of the winds must be examined. 

Observation and Distribution of the Winds. 

116. Winds. Air moving near the surface of the oaitii and in a nearly 
horizontivl direction is called wind. Other motions may 1)0 collod air cuiTonts 5 
but they also are often called winds in a general way, an the <‘u])pi!r winds.*' 

Observations of the wind should inoludo its direction and its force or 
velocity. Tho direction is determined by a wind vaiio, moving freely on a 
vertical axis on some elevated spire or pole. It is always to be recorded ns 
the point of the horizon from which the wind (iomes. The anns, lieariug the 
letters, B", E, S, W, by which tho vane is rt'ad, should bo carefully set to the 
four oardiiinl points, allowaiuu) heiiig made for the luctal variation of the mag^ 
netic needle from the tnic north. Intermediate points should bo recorded as 
NW, ENE, et(!. The direction from which the wind comes is called wind- 
ward ; that to which it goes, leoward. A change in tho direction of the wind 
is called veering when it i)rogresscB from left to right ; and backing when the 
shift is tho other way. The amount of cliange is often expressed in points, a 
nautical term meaning an eighth of a quadrant, or 11 J degrees. 

117. The anemoscope gives on automatic record of the direction of the 
wind. The wind vane tums a vertical rod that reaches down into a room 



94 


yT.TBMIBM rrABY MBTBOBOLOGT. 

- -- 

^'^’® motions is not detootwl by ordmiiry 
anemosoopes. An anemoscope may be speoiaily artomgea for this vuvihwo. 
having a vane that moves on a homontal aris, and wMi m always inmiU 
to3) the wind by a larger vane moving on a veiW axis ; but this is 

seldom iised. 

118. Force and velocity of the wind. The force of tarn wind may b« 
estimated or measured. The foUowing scale is recommoudea lu mtw« 
different velooitieB. 

Tablk — ScaUy vdocUy and pressure of mruls,^ 

AVBRA.OH VBLOomBS. Avkraom rnSBftlTlilSS. 


Scale. Tebbcs, 

UUei par hemr. 

Udteri per PoundB iwr squnro 

BBooca. f«»t* 

K\\oK^mw\wr 

Bfinant inow*r. 

0 

Calm 

0 


0 

0 

0 

1 

Very light breesa 

2 


1 

0.08 

0.15 

2 

Gentle breeze 

7 

or less 

8 or leas 

0.28 or luHB 

1.18 (tr U*HS 

8 

Fresh breeze 

11 


6 

0.04 

8. 15 

4 

Strong wind 

18 

or more 

8 or more 

1.02 or more 

7.i»7 or lUdW* 

5 

High wind 

27 


12 

8.04 

17.i» 

8 

Gale 

80 


10 

0.48 

81.0 

T 

Strong gale 

46 


20 

10.12 

40.8 

8 

Violent gale 

58 


26 

17.12 

B4.2 

9 

Hurricane 

76 


84 

29.20 

148.0 

10 

Most violent hurdcane 05 


42 

45.12 

222.0 


A scale of six muabets is (^ten used, its terms 

being light wind, modoratt* 


\dnd, strong wind, fresh gale, whole gale, hurricane. ' It is generally tlio wwu 
that the higher numbers of these soales are too frequently employed. 


119. Anemometers. It is apparent that estiinates of the velocity or foroc^ 
of the wind must be very faulty ; and that instrumental records ai*o luuoh to l)i' 
preferred. A simple indication of the pressure of the wind, from whitdi thc^ 
velocity may be obtained the above table, is obtained by means of Lind’H 
wind-gauge : this consists of a tube, bent in the form of U, containing a liquid 
in its lower curve. One end of the tube, bent horizontally, is always directcnl 
to the wind by a vane. The pressure of the wind on the liquid then rsiiscH 
the surface of the liquid in the further arm of the tube, where its height may Iks 

1 The iuUetinite values of Koe. 2 and 4 result from the attempt to express tlie Smithsonian 
or Voluntarj* observer and the International Bulletm scale in a single table. 
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The velocity of the wind in miles per hour may be reduced to tlio velocity 
iu meters per second (usually employed in Europe) by multiplyini^ by 0.447 ; 
meters per second may be reduced to miles per hour by multiply inpT by 
or about 2^. 

An anemograph for vertical currents has sometimes been eini)lc>yo<l, uniuK 
a helical fan on a vertical axis to measure the upwai’d or downward movtuueiit 
of the air. The motion thus determined is a small port of that taking placo 
in a horizontal direction ; it increases at times of convectioual moviumnitH. 


120. Hill and mountain observatories. The observations described above 
suffice to determine the characteiistio movement of the wind about tho placfc 
of observation \ but in studying the general movements of the atiiiosphoro^ it 
is desirable to exclude the local shifts of the surface winds^ aixd for tlii» 
purpose, observations on hills or lofty towers ore very useful. Tho observatories 
established by Mr. A. L. Rotch, on Blue Hill, near Boston, 635 feet alM)vc tli(3 
sea, and by Mr. W. L. Childs on Mt. Wontastiquet, N. H., oijposito brattle- 
boro, Vt, at a height of 1076 feet above the adjacent volley and 13(54 foot 
above searlevel, are of much interest in this respect. Tho EilTnl tc)W(ir, 
990 feet high, erected in Paris for the Exposition of 1889, gave a Hcirion of 
particularly instructive meteorological records, inasmuch as its slcunlor form 
produced practically no disturbance in the conditions of the air around it ; 
while there is reason to think that hills and mountains, projecting into tbo 
atmosphere in large mass, cause a somewhat more hurried flow of tho wind 


over their summits than is found from the velocities of floating chxxidH at tlm 
same height in the free air. Yet it is to mountain observatoritm at gr(ULii 
heights that we owe at present the most definite information coiHeorning thc^ 
movements and other physical features of the upper strata of tlio atiiioHplim-n. 
Records from balloons are temporary ; records from clouds itifer only to 
dir^on and velocity of movement, and are moreover not obtainable^ iu clear 
or in heavily clouded weather. Records on mountains may be iiLuiutaiiied 
continuously and completely, although involving great expense. Tho moiintaiii 
observatories established by our Signal Service, the official predecesHor of our 
present Weather Bureau, on Mt. Washington, K H., in 1871, at an altitiido of 
6279 feet, and on Pikes Peak, Colo., in 1873, at an altitude of 14,134 fo(4, liavo 
yielded results of great scientific value ; but on account of their heavy cxnoust^ 
and their relatively small value in the daUy work of the Service in pinulioting 
the we*^er, these were discontinued in 1887 and 1888. The Lick ObHorvatoiv, 
on Mt Hmilton, Cal., 4400 feet above searlevel, maintains a full meteorological 
reco^ AuWtic TCoords are maintained by the Harvard College Observatory, 
on Mt Charchani, Peru, at an altitude of 16,660 feet 

tteSXtST”' in Enmpn „n in 
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The Telocity of the wind in miles per hour may be reduced to tlio velocity 
in meters per second (usually employed in Europe) by multipljaug by 0.44 
meters per second may be reduced to miles per hour by multiplying by S.-.i * 

or about 2^. , i i * 

An anemograph for vertical currents has sometimes been employtHl, 

a helical fan on a vertical axis to measure the upwar^cl or downward movcuueiit 
of the air. The motion thus determined is a small port of that taking 
in a horizontal direction ; it increases at times of conveotioual luoviuninitH. 


120. Hill and mountain observatories. The observations described iitovo 
suffice to determine the chai-acteiistio movement of the wind aboxit tlio pla(‘.c^ 
of observation ; but in studying the general movements of the atniosplioro, it 
is desirable to exclude the local shifts of the surfaoo winds, aiwl for tliiH 
purpose, observations on hills or lofty towers are very useful. The observatoric» 
established by Mr. A. L. Rotch, on Blue Hill, near Boston, 635 feet alMjvo tho 
sea, and by Mr. W. L. Childs on Mt. Wantastiquet, N. H., opposite Ih-attle- 
boro, yt, at a height of 1076 feet above the adjacent volley and feet 

above searlevel, are of much interest in this respect. The KilT(d towt^r, 
990 feet high, erected in Paris for the Exposition of 1889, gave a Herien of 
particularly instructive meteorological records, inasmuch us its sbuider for in 
produced praotioally no disturbance in the conditions of the air around it ; 
while there is reason to think that hills and monntains, pi'ojectiiig into the 
atmosphere in large mass, cause a somewhat more hurried flow of tlio wind 
over their summits than is found from the velocities of floating cIoikIh at tlm 
same height in the free air. Yet it is to mountain obaervatorioH at groat 
heights that we owe at present the most definite information coiutorniiig tlu^ 
movements and other physical features of the upper strata of the atnioHiiluuM^ 
Records from balloons are temporary; records from clouds infer only tn 
direction and velociiy of movement, and are moreover not obtainable^ in o.l(»ar 
or in heavily clouded wither. Records on mountains may be luaintaincd 
continuously and completely, although involving great expense. The inountaiii 
observatories established by our Signal Service, the official predecesflor of our 
present Weather Bureau, on Mt. Washington, N. H., in 1871, at an altitmb? of 
6279 feet, and on Pikes Peak, Colo., in 1873, at an altitude of 14,134 foc^t, liavo 
yielded results of great scientific value ; but on account of tlieir heavy exponst^ 
and their relatively small value in the daily work of the Service in predicting 
the weather, these were discontinued in 1887 and 1888. The Lick ObHcrvatoiy, 
on Mt Hamilton, Cal., 4400 feet above searlevel, maintains a full meteorological 
record. Automatic records are maintained by the HsiTvard College Observatory, 
on Mt Charchani, Peru, at an altitude of 16,660 feet. 

The most important of the mountain observatories in Europe are luunod in 
the following table. 
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Peak. 

Modittaik KA2?GB. 

COUNTllV. 

llBiailT IN Pekt. 

Ben Nevis 


Scotland 

4407 

Brookeii 

Hortz 

N. Germany . . . 

8743 

Schneekoppe .... 

Rlesen Gksbirge . . 

Gennany .... 

6240 

Wendelsteln 

Alps 

Bavaria 

6000 

Hoch Ohir 

E. Alps 

Austrliv .... 

7047 

Sonnbliok 

E. Alps 

Austria 

10,166 

Sentls 

Alps 

Switzerland . . . 

8215 

Puy de DOmc . • . . 


Prance ; 

4800 

Pic du Midi 

l^renoes .... 

Franco 

0381 


121. Wind observations. It is oustomary to make observations of tlie 
wind at the hours selected for other observations, os of temperature or press- 
ure. It should be noted that the surroundings of an observer luive a strong 
influence on the accuracy of the wind-i*ecord. In a city, the wind is continually 
thrown into irregular gusts and whirls by the many uneven obstructions that 
it must pass over ; in a valley, the velocity is reduced and the direction is 
altered by the protecting hillsides. On an open prairie, there is good oppor- 
tunity of securing comparable results ; but even then, unless the vanes and 
anemometers of different observers are placed at the same height above the 
ground, the results are not closely accordant ; for the wind is tdways mucli 
retarded by the resistances felt near the ground, and its velocity decreases 
rapidly as one approaches the surface of the land. At sen, the velocity of the 
wind is much greater tlian on the continents, and it is probable that the 
increase in the velocity with height is much slower than on land. 

No standard height for vanes and juiemoineters has yet been ado])ted, 
because it is generally impossible to conform to any lu’escribed rule in this 
respect; but a height of at least 70 feet above the open ground is strongly 
recommended. 

The increase of the velocity of the wind at considerable elevations has been 
determined by observations of clouds (Section 212) ; the results of sucli 
measurements at Jflne Hill Observatory, near Boston, Mass., may be intro- 
duced in this connection. 


Mean Cloud Velocities at various Altitudes : Blub Hill 

Observatory. 
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122. Reduction of observations. Wind observations are commonly reduced 
by counting tbe number of times the various directions are recorded, and 
averaging these and the corresponding velocities with respect to the hour, the 
month and the year. The percentage of calms in the total number of observa- 
tions should be determined. More elaborate reductions require an analysis of 
directions and velocities, so that the resultant movement of the air may be 
determined ; but this is not a useful method where the direction changes 
frequently and irreg^arly, as with us. 

In illustration of hourly observations of the wind, reference may be made 
to Pig. 44, showing the average direction of the wind for every hour of the 
day during the month of July, 1882, at the Lake Crib, or tower from which 
the water supply was taken for the city of Chicago from Lake Michigan ; the 
regular veering of the lake breeze by day into the land breeze by night is thus 
exhibited to a nicety. 

The average annual frequency of the winds at Kinderhook in the Hudson 
valley, trending north and south, and at Utica in the Mohawk valley trending 
east and west, both in the State of Hew York and a little over a hundred miles 

apart, are graphically pre- 
sented in Pigs. 29 and 30 ; 
this illustrates very clearly 
the control exerted by even 
these broad valleys on the 
course of the prevailing 
winds. 

In the monthly reports 
from an observing station, 
it is customary to give the 
prevalent direction or direc- 
tions of the wind, and the 
total wind movement for 
that time; thus for January, 1886, Pikes Peak, Colo., altitude 14,134 feet, 
had winds prevailingly from the northwest, with a total ‘movement of 13,816 
miles ; Sandy Hook, at the entrance to Hew York harbor, with an anemometer 
close to searlevel, also had winds generally from the northwest, with a total 
movement of 14,932 miles. The example is taken from the Monthly Weather 
Review of the Weather Service, and is interesting in showing an exceptional 
greater activity of the surface winds than of the npper currents for the month 
in question ; but if the resultant of all the movements of the wind were taken, 
ib is probable that the back and forward winds of Sandy Hook would- exhibit 
a smaller general progression of the air in any single direction, while on Pikes 
Peak nearly all the movement was in one direction, showing a great forward 
movement of the atmosphere over the mountain summit. 
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Ocean charts for the use of mariners have been x>repared by the Hydro- 
graphic Offices of different countries, showing among other data the relative 
frequency and average force of the winds from the different directions during 
the several months and for the separate latitude and longitude « squares of 
the ocean areas. The parts of the oceans frequented by numerous vessels are 
well explored in this respect ; but there are still large areas where the knowl- 
edge of maiitime meteorology is deficient. 

123. The general winds of the world are best studied on the seasonal 
charts of pressure (Charts V and VI). As the winds of the southern or 
austral hemisphere are more easily generalized than those of the northern or 
boreal, they will be most frequently referred to in this general account. A 
fuller aocoiuit of the winds of different regions will be given in the next 
chapter. 

In July the winds between the southern tropical belt of high pressure and 
the equatorial belt of low pressure blow steadily from the southeast ; these 
are the southern members of the winds. In the great circumpolar area 
beyond the high-pressure belt, the winds blow briskly from the northwest or 
west-northwest, but are much confused by stonny interruptions j these will be 
called the livsimUAng wast&rly winds. In the middle latitudes of the south 
temperate zone the winds are so boisterous as to have gained the name of the 
"roaring forties.” The directions here named are much affected on and in 
the neighborhood of the land; but as the austral continents are relatively 
small, the winds of that lialf of the world blow for the most part as has 
been briefly stated. In Januaiy the division between the westerlies and the 
trades is less distinct than in July ; in the South Atlantic, for example, when 
the continuity of the tropical high-pressure belt is broken, the winds seem to 
circulate around a central area of high pressure ; while in July, when the 
tropical high-pressure belt stretches across land and water, it separates the 
two members of the wind system by a more linear division. In July, more- 
over, the austral winds on the whole blow faster than in January. 

In the northern liomisphere the winds ai'e in a general way symmetrical 
with those of the southern. There is a northeast trade wind over the zone 
from the tropical high-prossuro bolt to the belt of low pressure around the 
equator ; and on the oceans at least there is a inevalent west-southwest wind 
over a considerable part of tlie area from the tropical belt towards the pole, 
with higher volocitit‘S in Janiuiry than in July ; in latitudes above 60® N. 
northeast winds are freciuently recorded. But os the lands here occupy so 
much greater a share of the total area than in the southern hemisphere, the 
irregular winds that they ])roduoe greatly distort the boreal wind system. 
The simplest statement of this distortion is that the winds tend to blow 
obliquely outward from the continents in January, and obliquely inward in 
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July 5 but this tendency is greatly modified by the presence of the prevailing 
westerly winds in the latitudes where the continents are broadest. A similar 
effect is shown in the seasonal variation of the winds over Australia. 

The axes of the tropical high-pressure belts and of the equatorial low- 
pressure belt^ where the gradients ai*e zero, are characterized, especially on the 
oceans, by weak and variable winds with not infrequent calms, in strong 
contrast to the continuous movement of the steady trades on the one hand, or 
to the stormy westerly winds on the other. The equatorial belt in particular 
is marked by frequent calms, called the doW/mms^ which migiute north and 
south with the barometric equator, which in its turn follows the heat equator ; 
but it is an exaggeration to describe the doldrums as a belt of continuous 
calms. The light winds and calms of the tropical belts moi'k the horse 
latitudes,’’ and these also have a slight annual migration north and south 
with the sun. 

Comparison of Tena Consequences of the Conveotional Theory 
WITH THE Facts of Pressure and Winds. 

124. General relation of winds and pressures. The winds show a distinct 
tendency to blow from areas of high pressure towards areas of low pressure j 
they blow faster on the steeper gradients of winter than on the fainter ones 
of summer ; they are boisterous on the steep gradients of the south temperate 
zone, and they weaken almost to stagnation where the gradientH disappear 
along the axes of the pressure belts. According to the general principles of 
conveotional circulation, as stated in Section 93, it was expected that the 
winds should follow the line of the gradient ; but this is clearly not the fact. 
The boreal winds turn to the right ; the austral winds turn to the left of the 
gradient. 

125. Agreements and disagreements. This general review of the distri- 
bution of pressures and circulation of the winds has discovered two paitioulars 
in which the expected arrangement of pressures and motions are contradicted 
by the facts, ^e polar pressures are not high, but low ; and the pressure is 
highest around the tropics, where intermediate values were expected : the 
winds do not flow along the gradients, but turn' systematically to one side or 
the other. Otherwise, the consequences of the oonvectional theory accord 
with the facts. 

When an investigation reaches this stage, the student may review its 
progress in some such way as this ; Either the suggested explanation by 
means of convection is fundamentally wrong, in which case it should be 
replaced by another 5 or the explanation needs some supplements by which to 
account for the polar low pressures and the oblique course of the winds. It 
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can hardly be suppoaed that an explanation as well grounded on accepted 
physical laws as the one outlined in the statement of the general principles of 
conrectional motion should be entirely wrong; moreover, such facts as the 
seasonal variations of pressure and winds over the continents and the 
frequency of calms along the axes of the pressure belts on the oceans are 
mucli in its favor. It shoiald not be discarded until the possibility of supple- 
menting its deficiencies has been very carefully tested. 

Next it might be asked whether each one of the two classes of defi.ciencies 
requires special supplementary explanation ; or whether one class may not be 
related to the other as a cause is to an effect ; for in that case a single supple- 
ment that would explain the first would explain the second also. Let us 
consider if tlie oblique course of the wiuds can account for the unexplained 
distribution of pressure at the poles and the tropics. 

126. Low polar pressure caused by the prevailing westerly winds. 
Brief mention was made in Section 13 of the fiattenmg of the earth at the 
poles by the centrifugal force of its diurnal rotation, once in twenty-four 
hours. If it should rotate faster, it would be more flattened; if slower, it 
would be more nearly spherical. Look now at the winds of the southern 
hemisphere, from the tropical belt of high pressure to the pole. They are 
moving eastward over the earth’s surface in a great whirl around the south 
iwle. The upper winds, oariying the clouds, run even faster eastward than 
tlie surface winds. As a whole, they accomplish a revolution around the 
earth’s axis in less than twenty-four hours ; and hence their centrifugal force 
must be greater tlian that of tlie earth. May it not be that the expected high 
l)ressure at the pole is reduced to low pressure by the excessive centrifugal 
force of the circumpolar whirl, and that the air thus withheld from the polar 
region is found in the tropical belt of high pressure? This suggestion is 
oeitainly too important to be neglected ; it is i^lausible enough to warrant its 
provisional acceptance, while search is made for the cause of the deflection of 
the winds from the gi-adients, whereby the circumpolar whirl is produced. 

Thk Effbots of the Eaeth’s Rotation. 

127. The deflecting force of the earth’s rotation. The cause of the 
deflection of the winds from the gradients is to be found in the earth’s 
rotation. It may be easily explained and iUustrated by experiment (see Sect. 
133) that tlie winds cannot follow the gradients, because there arises from the 
earth’s rotation a force ^ that tends to deflect all horizontal motions, of what- 

1 Although always spoken of as a “force,” this term implies a misconception of the same 
kind IU9 that which often embarrasses the understanding of “centrifugal force.” A body 
moving without friction over the surface of the earth tends to move in the direction of its 
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ever direotion, to the right in the northern hemisphere, juid to tho loft in tin* 
southern : the deflecting force is propoi-tionate to the volociity ol! motion, ami 
umreaaes from zero at the equator to a maximum valuo at citlmr polo. 

The value of tho deflecting force, in terms of tho weight of tho moving 
body, may he determined for any latitude by multiplying tli(( appwpriato 
factor in the following table by the velocity of motion, expressed in miliw p«*r 
hour. 


Latitcsb. 

Paotor. 

LATiTirnK. 

KArTOR. 

0® 

0.00,000,000 

60“ 

0.(K),(H)0,6()I> 

10“ 

116 



570 

20® 

228 

70® 

026 

30“ 

333 

80® 

tm 

40® 

427 

00® 

mn 


128. Hadley’s theory of the effect of the earth’s rotation: 1735 . Tin* 
introduction of this important principle into our science has Ixien slow, and 
even to this day it is not properly appreciated by many studontii of tlio Hulijee.i.. 
The oblique movement of the trade-winds was known, from the musoiiiitH of 
navigators, to Halley, a famous English astronomer, who tried to explain it in 
1686 as a result of the (apparent) westward movement oE tho Him artiund tht* 
eartL In 1735 this was shown to be wrong by Hadloy, another KngliHli 
astronomer, who introduced the first reference to the real rauise ; hut IiIh eHsay 
was generally overlooked for the greater part of the last century, until tho 
same idea had occurred to several other investigatoi'S. Tho explanation Htill 
generally current follows that given by Hadley, in brief as follows : If a mass 
of air moves from latitude 30“ north towards tho rarefied bolt of heated air 
around the equator, it advances upon latitudes whose eastward nitary veloe.ity 
is greater and greater, and in consequence of this, the .air lags behind, and 
hence appears as an oblique northeast wind; indeed, if it wore not for the 
friction with the surface of the land and sea, by which tho iwlvaneing nir 
continually acquires something of the eastward motion of tho latitudes thut it 
enters, there should be a violent westward hurricane, of a hundvi'd or mon* 
miles an hour at the equator, according to this theory. Hadloy did not apjdy 


itet impnlse. We live on the earth’s snifaoe, unoonaolonB of its rotary movomi-nt, and ittin- 
eeqnenUy persuaded that any straight line holds a fixed direotion. Iloiu-e, wlum a free- 
^Tlng h^ (OTch as-a freeswlnglng pendulum, as In Boncault’s oxporlmoiit) tuniH ,u.i(l., 
tom Its llM line of movement, we assume that its diieoUon has been cliaiimHl liy aojuct 
d^wtlng fo^. In reality, the free-moving body perseveres In Its orlghinl aimitliiu In 
^ of its inertia; It Is the apparenUy fixed line of reference that Is ohig li rCi^ 

In vlrtne of the earths rotation. The ‘‘defleotlng force" Is therefore only tlui liiPriln' 
restetance that a toe-moving body exerts against a constraining force that unL it / 
in what we call a etralght line or a fixed dlSn. It to movo 
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Ms explanation to the preyailing westerly winds \ but it has been applied to 
them by bis followers, who teach that as these winds advance northward from 
the tropical belt, they enter latitudes whose eastward velocity is less and less ; ' 
and in consequence of this the winds run ahead of the surface and gain a 
direction from the southwest or west^outhwest. 

This explanation contains two serious errors, wMoh are here referred to 
because they have gained general currency. Hadley^s explanation implies that 
there is no effect produced on motions to the east or west, wMle as stated 
above, the deflective force arising from the earth^s rotation is independent of 
the direction of motion. Again, Hadley^s explanation teaches that a body 
moving towards the equator continually lags westward^ so that if friction had 
no effect it would attain a great velocity to the west when it reached the 
equator. This is wrong ; the lagging, if such an expression is introduced at 
all, cannot be continually in one direction, as to the west, but can only be at 
riffht angles to the mommtavy directim of motion^ and hence can produce no 
effect on the velocity^ If a body were given a velocily of 26 miles an hour to 
the south when in latitude 30° N., and was supposed to move without 
friction over a level surface, it would continue to move at the same moderate 
rate whatever latitude it reached; while Hadley’s explanation would give 
it a velocity of a hundred or more miles westward at the equator. A proper 
understanding of the true value and action of the deflective force should 
therefore be introduced into the popular teaching of meteorology. 

The deflective effect of the earth’s rotation was worked out by various 
mathematicians in the early part of this century ; but its first proper applicar 
tion to meteorology was in 1843, when Charles Tracy, tlien a young graduate 
of Yale College, afterwards a well-known lawyer in New York Ciiy, published 
a brief article on the subject, showing how the rotation of storms, wMch was 
at that time attracting much attention, should necessarily result from the 
rotation of the earth. This article was curiously overlooked; no reference 
was mode to it till nearly forty years after its publication, and in the mean- 
time the question had been much more fully investigated by others. 

189. Ferrel’s theory of the effects of the earth’s rotation : 1856 . Ferrel’s 
studies of the effects of tlie earth’s rotation on the circulation of the atmo- 
sphere were begun in 1856 ; tliey were more fully expmded in later years, 
and it is not too much to say that they have worked a revolution in the science 
of meteorology. Ferrel was at that time teaching school in Nashville, Term. ; 
he was a self-taught matliematiciaii of remarkable originality. Upon reading 
a statement of the erroneous theories of the winds then in vogue, he studied 
the matter out for himself and produced the first rational theory of the general 
circulation of the atmosphere. At that time the prevailing low pressure near 
the poles was coming into notice, particularly from the observations made in 
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afiEected by friction and otlier resistances. The practical question then 
is : What will be the course of the general winds on a given gradient at 
a given latitude ; it being understood that the conditions of steady motion 
have long ago been reached, as far as the average value of the gradients is 
concerned. 

Consider for examine the northeast trade wind of our hemisphere, W, 
Fig. 31. It is urged by a small component of gravity, AC, to move towards 
the equator ; but by reason of its velocity of aboiit twenty 
miles on hour in latitude 20 ® N. it must experience a 
certain right-handed deflective force, represented by the 
arrow AD, at right angles to A IF. The force, A C, expends 
one of its components in overcoming the deflective force 
(inertia), AD. The other component, AB, must just 
equal and oppose the sum of all the resistances, AB, that 
are excited by the velocity, A W; and in such a condition 
of equilibrixun all the permanent winds of the world must 
blow. Tliey always adjust their velocity and direction so ir,Q, 31 , 
as to bring about an equilibrium among the acting forces. 

The prevailing westerlies of the far southern latitudes may receive a 
similar explanation ; their austral deflection turning them to the left of their 
gradients. 

Consider next the condition of the equatorial overflow that is inferred to 
run from the warm, expanded air above the equator towards the cold, com- 
pressed air of the south polar region. What coiu'se must it have in latitude 
26® or 30° S. and at a great height above sea-level ? An examination of the 
gradients of this part of the atmosphere, as illustrated in Fig. 26, shows that 

the accelerating force there must be 
much greater than that by which the 
trade winds are impelled. It may be 
represented by AC, Fig. 32. More- 
over .the resistance, AE, which the 
.j, cuiTents of the upper air encounter 
must be comparatively small. Now 
we must suppose that as the overflow 
current has certainly ages ago acquired 
the condition of steady motion, this 
small resistance is the equal and 
opposite of on equally small residual force, AB, left over from the gravi- 
tative acceleration, A C, after its greater part lias been expended in overcom- 
ing the deflective force (inertia), AD. The part of giMvitative force that acts 
effectively on a baric gradient is therefore oven less than was indicated in 
Section 113. We may next proceed to determine the deflective force ; .and then 
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knowing the deflective force, the velocity and direction of the motion tliat 
arouBes it may be found. 

The deflective force may be found by completing the paraUelogram, 
of which ^C7 is a side and AB is a diagonal; the angle, BAB^ being 90°. 
The deflective force, -dD, is therefore almost equal and opposite to the grav- 
itative force, AC. The overflow must then be represented by AW^ showing 
it to have a lugh velooily and a direction but little south of east. In no other 
cose can the deflective force have its appropriate direction and value with 
respect to the current that produces it. The greater part of the high level 
ov^ow from the equator must therefore run at a high velocity in a direction 
almost from west to east, but a little inclined toward the pole ; in no other 
direction can the conditions of steady motion be reached in the presence of the 
small resistances of the upper air. All that is known of the high-level currents 
in middle latitudes from observations of clouds confirms this explanation in a 
striking manner. 

% 

132. Deflection of the winds from the gradients. One of the deficiencies 
in the convectional theory of the winds, pointed out in Section 126, is thus 
satisfactorily accounted for. Not only the trade winds and the prevailing 
westerlies follow the explanation of the preceding section, but all the smaller 
members of the general oiroulation also turn aside from their gradients, as 
seen in the spiral outflow from the South Atlantic area of tropical high 
pressure in January ; or from that of the North Atlantic in July ; or from the 
Asiatio area of continental high pressure in January ; or as seen again in the 
spiral inflow towards the area of low pressure over the North Atlantic near 
lodand in January ; or over Asia in July ; or over Australia in January. 
All these and many other examples to be met on subsequent pages are 
reconciled when the theory not only takes account of the interaction of 
insolation and gravity, but when it includes the effect of the earth^s rotation 
as well. 

Before advancing further in the discussion of the circumiM)lar whirl, an 
experimental review may be made of the points thus far learned. 

183. Experimental Illustration of the deflective effect of the earth’s 
rotation. Stretch a smooth sheet of paper over a circular table, two or three 
feet in diameter, supported at the center on a vertical axis on which it may 
rotate in either direction. Lay a marble, dipped in ink, at the center of the 
stationary table. It remains at rest. This oorrespondB to the conditions of 
level isobario surfaces, on which there could be no winds. 

Bet the marble rolling by a light blow ; it will trace its path by dots of ink 
along a straight radial line ; this corresponds roughly to the case of motion 
started by an initial impulse, on a smooth non-rotating earth. A body moving 
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under such oonditions on the eartVs eurface would follow a straight path, 
always moving in the some great circle on which it started, 

Rotate the table slowly from right to left, and set the marble in motion as 
before ; it will describe a curved path, turning to the right of the radius on 
wliioh its motion began. This corresponds to motion started in the northern 
hemisphere by an initial impulse on the level eurface of a rotating earth. 
Wlicn tlie table is rotating at a given rate, a slow motion of the marble causes 
a sharp curvature in its path. When the marble is moving at a given velocity, 
a f^ter rotation of the table (corresponding to a higher latitude on the earth) 
causes a sharper curvature of the path. These results correspond essentially 
witli tliose given in Section 130, although the experiment is imperfect from 
tlie effects of friction. 

Tilt the table slightly on a hinge at the axis, so that it shall present an 
inclined surface, although it may still rotate on a vertical axis. Let the table 
stand still, and release the marble at the center. It will describe a straight 
path under the acceleration of the component of gravity which acts down the 
inclination of the surface. This corresponds to the gravitative acceleration of 
the wind on inclined isobaric surfaces on a non-rotating earth. The velocity 
attained will depend on the inclination of the table and on the resistances 
encountered. At a given inclination, the rougher the table, the slower the 
velocity when steady motion is gained. This corresponds to the conditions 
of steady motion in a simple oonvectional motion, as explained in Section 94. 
hi ordinary experiments tiie table is too smooth and its radius too small for 
tlie attainment of steady motion. 

The table being gently tilted, rotate it slowly from left to right 5 release 
the marble as before, and it will describe a curved path, turning to the left of 
tlie table gradient. This corresponds to the actual case of motion of the air 
on inclined isobaric surfaces in the southern hemisphere. 

After the marble has rolled a little distance from the center, its path 
niaintoina an abnost constant deflection from the gradient of the table. The 
larger and smoother the table, the better this may be seen. This corresponds 
to the oonditions of steady motion under the action of gravitative acceleration 
and the deflecting force, as explained in Section 131. If the rotation of 
the table be slow, the flnal angle of deflection will be small, corresponding to 
the winds in low latitudes, where they do not turn far from the direction of 
the decrease of pressure. If the I’ate of rotation be faster, the angle of 
deflection becomes greater, corresponding to the strong departures of the wind 
from the gradient in high latitudes. If the table be smooth, tlie resistances 
to motion will be small, and the angle of deflection becomes large, as in the 
case of high-level atmospheric currents. If the table be rougher, a consider- 
able value is required in the forward-acting resultant, and hence the deflection 
is comparatively small ; this being the case of the lower winds, in contact 
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■with the surface of the ocean, where they beat against the waves ; and still 
more whei^e they blow over the uneven surface of the land. G[*his explains the 
prevailing difference between the direction of the surface wind and that of the 
lowei* clouds at a height of one or two thousand feet ; the latter as a ivle come, 
in our hemisphere, from a point somewhat to the right of the former, show- 
ing that their deflection from the gradient is somewhat stronger than tliat of 
the surface winds. 

It is not at fii*st apparent why the rotating table employed in these experi- 
ments may be compai'ed with one or another paii: of the earth’s surface. This 
may be mode dear by the following illustration. 

Several circular discs of paper, on inch or two in diameter and each 
marked with a strong diametral line, may be attached to a terrestrial globe in 
different latitudes. Watdi the diametral line on one of the discs while the 
globe is slowly rotated ; the line will be seen to change its direction ; now 
pointing to one part of the room, now to another. . In other words, the disc is 
rotating with respect to its center, and in tlie same direction os the glol)e 
rotates. A disc near the pole will rotate rapidly j a disc neai‘ the equator will 
turn its diameter more slowly from one direction to another ; a disc on the 
equator has no motion of rotation with respect to its center; and at the 
equator there is no. deflective force. These discs may represent the table of 
.the preceding experiments. The marble at the center of the table or the air 
at any point on the eartii experiences a deflection from its first path as it 
moves in any direction from tlie starting point; the deflective force varies 
with the velocity of motion and with the rate of the rotation of the surface 
with respect to its center ; and the direction taken when steady motion is 
attained changes accordingly. 

Hence, whenever a mass of air is impelled to move, as by the introduction 
of some change of temperatoe which j)roduoes a gradient in the previously 
level isobario surfaces, it will soon turn from the gradient and adjust itself to 
an equilibrium under the action of gravitative acceleration and the deflec- 
tive force. In motions between the equator and the poles, where the 
differences of temperature were long since introduced, and now vary only by 
moderate amonnts above or below their mean value, the cmTents of the atmo- 
sphere must have long ago attained a condition of steady motion, hurrying a 
little when the differences of temperature increase in winter and steepen the 
gradients by a small amount, and falling to lower velocities when the gradients 
are weaker in summer. Inasmuch as the gradients and the deflective force 
vary from latitude to latitude, it follows that the velocity attained by the 
general circulation of the atmosphere must likewise vary between the equator 
and poles ; hut at every latitude a temporary equilibrium is taken, to be lost 
only as the wind moves into a new position, where the forces acting on it 
change their relative values. 
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1343 Analogy with an eddy In water. An illustration of the atmo- 
spheric whii'l mentioned in Sections 126 and 132 may bo found in a basin of 
water discliargiug itself by a vent at the bottom. If the water stand stiU 
when the vent is opened, its cui-rents will move in radially towards the center, 
and there descend without attaining any great velocity ; but if a gentle rotary 
motion bo given to the water before the vent is opened, the discharge will 
require a much longer time, and will be deflected so as to form a rapidly 
whirling central eddy or voi^tex of increasing velocity towards the center, 
where its centrifugal force may be so great as to open elu empty core. The 
analogy of this case witli that of the circumpolar whirl of our atmosphere 
is very iinjKsrfeot 5 but it serves to emphasize the great value and strong effect 
of the centrifugal force that may be developed in such a vortex ; and it is on 
suolx a centrifugal force that we are counting to reduce the expected high 
pressure at the pole into the actual low pressure. 

If wo imagine oui’selves looking at tlie earth so that the south pole 
ai)i)ears in the center, while the equator forms the marginal circumference, 
then the great eqmitoriol overflow, rotating with the earth at the equator, 
may bo likened to the case of the rotating body of water about to discharge 
itself at the center of the basin. Let us examine into the velocities and 
iwit^ompauying centrifugal forces that would be gained if there were no loss by 
fricition. 

Let the radius of the basin be ten inches ; let the linear velocity of 
rotation at the margin of the basin be one foot a second. As the water is 
drawn in towards the center, its linear velocity of rotation will increase just 
os much as its radius is diminished : this is in accordance with a well-known 
inGeliaiiical imnoiple, called the conserotUion of arecLS ; because the area swept 
over in a given time by a radius from the center to any particle of water is 
CDiistuiit. The centrifugal force developed by a rotating body vai’ies with the 
S([iuue of the velocity of rotation divided by the radius of rotation. The 
following table (?xhil)its the rapid increase of centrifugal force as the center of 
the voitex is approached. 


CKNTRIFU(iAL FOHCK IN A VORTEX. 


Radius. 

LINBAK VKLOCITY. 

CEirrRTF. Fobcb. 

10 

1 

A 

6 

2 

4 

1 

10 

100 

A 

100 

100,000 


It is manifest that even a less excessive centrifugal force close to the axis 
of the eddy may suffice to open an empty core, whose surface is everywhere at 
right angles to the resultant of the dowuwai'd gravitative force and the out- 
ward centrifugal force. 
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136. Vortlcular diculatlon of the atmosphere arotmd the poles. We 
have now to inquire whether the low pressure of the atmosphere around the 
poles may result directly or indirectly from the cause by which the oblique 
course of the winds has been so successfully explained. 

For this purpose the surface winds of the temperate latitudes and the high 
level currents above them, sidling swiftly along on their steep poleward 
gradients, must all be considered together. They combine to form a vast 
aSrial vortex or eddy around the pole. In the northern hemisphere this great 
eddy is much interrupted by continental high pressure in winter or low 
pressure in summer, and by obstruction from mountain ranges, as well as by 
irregular disturbances of the general circulation in the form of storms, loi'ge 
and small In the southern hemisphere the circumpolar eddy is much more 
S 3 nnmetrioally developed. What effect will be produced on the pressure of 
the atmosphere in high latitudes by the whirling of the great body of air 
around the pole as a center'? 

186. Cause of low presBure around the poles. If the explanation of Sec- 
tion. 134 be now applied to the atmosphere, with the supposition tliat there is 
no loss of vd.ooity by friction or other resistances, it is clear that on excessive 
velocity and a still more excessive centrifugal force would be developed in the 
circumpolar vortices. It should be noticed that the eastward motion of 1,000 
miles an hour that the air has over the equator is increased as the overflow 
approaches the pole \ at latitude 60°, where the distance from the axis is half 
what it was at the equator, the eastward velocity has doubled ; tliat is, it 
has become 2,000 miles on hour, or 1,600 miles faster eastward than tlie earth’s 
surface at that latitude. Forty miles from the pole, it would be 100,000 
miles an hour; and so tremendous a velocity on so short a radius would 
suffice to hold the air away from a closer approach to the pole, if it 
could, indeed, approach so dose as this ; at any less distance there would be 
a vacuum. 

But the action of friction and other resistances cannot be neglected. The 
presence of almost as great an atmospheric pressure in the polar regions as at 
the equator assures us that the imaginary case of no friction is far from the 
actual case. Although the resistances suffered by the upper air currents 
cannot be great, they successfully prevent the realization of the enormous 
circumpolar velocities that would result in the case of no friction and no 
intermingling of currents. The reason for this is seen in considering again 
the conditions of steady motion represented in Fig. 32. The overflow taJkes 
so nearly an eastward direction that it must travel over a very long distance 
in advancing from the equator to the pole; and in all this distance, the 
theoretical increase of velocity with decrease of radius is continually defeated 
by the action of the small resistances. 
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Excessive velocities cannot be reached ; but from observations on high-level 
clouds, it is known that the currents five or six miles above seorlevel frequently 
move to the eastward at a rate of a hundred or more miles an hour ; it is 
very probable that much gi-eater velocities would be encountered at heights 
of ten or fifteen miles. Although the moss of the atmosphere may be divided 
into a lower and an upx)er half at a height of about throe miles, it is ooloiilated 
that half of the capacity of all the atmospheric currents for doing work — a 
function of their volume, density and velocity — is not measured until a height 
of about eight miles is reached ; the great velocities of the still higher but much 
smaller mass of air giving it a oai>acity for work eqiuil to that of the slower 
moving but much greater mass below this height. • When it is remembered 
that the eastward velocity is in excess of the already rapid eastward movement 
of the earth’s surface, it will l)e seen that the deflection towards tlie equator 
arising from the abnormal centrifugal force thus developed may be fairly 
accepted as the cause of the unexpected low pressure around the ivolea. 

On a rotating eaith, the convoctional circuilation between the equator and 
the poles cannot follow the meridians. It must suffer deflection into oblique 
paths and thus develop a vorticular whirl around the poles. 

The high pressure that should result from the low iM)hvr temperatures is 
therefore reversed into low pressure by the exetissive equatorward centrifugal 
force of the grmt circmupolar whirl ; and the air thus held away from the 
polar regions is seen in the tro])ical belts of high ])ressure. Thus the second 
deficiency of the conveotional theory of atmosphcrici cinnilation is accounted 
for as satisfactorily as the first. The theory may bo regarded os firmly 
established. 
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CHAPTER VIL 


A aHNUBAIi GIiASSmOATION OF THF WINDS. 


137. Basis of dassiflcatioii. Having now come to a geiienil luidorstaudiiig 
of the convectional circulation of the atmosphere on tho rotating (uirtU, a 
systematic account of the different members of tho oiroulatioii may bo attiJUiph'd. 
A classification proposed by Dovd, an eminent German moteorologint of t\u\ 
first half of this century, divided the prevailing winds of tho world into thnuj 
classes : the permanent winds, of which the trades are tho ohioi lueiiilxu'H ; 
the periodical winds, of which the monsoons of India are the tyi»o 5 and tlio 
variable winds, comprising the irregular but prevailing westerly winds <»f 
middle latitudes. While this classification has been generally ad()j)t(xl, it d()(*H 
not satisfy the present demands of our science, being botli arbitrary and 
incomplete, and failing to recognize the natural relation that exists among tho 
various movements of the atmosphere. A classification according to (tiuisc is 
here presented in preference.^ It is true that we ordinarily take no luxunint 
of the difference of cause between a gentle breeze of mild temporatun^ and a 
violent winter gale, pmferring to classify them according to their dinM*.tion, 
velooify or temperatoe; hut in seeking for an explanation of the plumoiinma 
of the atmosphere, it is advisable to consider the various causes of motion 
separately. The classification of winds presented hi the following tiiblo 
therefore is arranged, first, according to the som-oe of tlic energy on whicdi 
they depend, and second, on the manner or period of its application. 


188 . Cla s s i fi c ation of winds according to cause. 


SrttTBCE OF BSTEBOV. 

Application. 

Solar heat . . . 

U il 

Equator and poles . . 
Heat equator and poles . 
Continents and oceana , 


Land and water . . . 

t. 

ti 

Mountains and valleys 
Local, or indirect . . 

t. 

it 4( 

Light and shadow . . 
Indirect . . . 

Lunar attraction . 

Through the tides . . . 

Telluric heat . . 

Volcanic eruptions 


Period. 

Naiie op WIN!». 

Peimanent 

Planetary. 

Annual . 

Terrestrial. 

Annual . . 

Contlnontol, 

Dluizial. . 

Land and sea hruuzca, 

Diumal. . 

Mountain and valley bruezos. 

Irregular . 

Cyclonic and oUior sUimw. 

Irregular . 

Ecllpfle winds. 

Accidental . 
Twice in a 

I^andslide and avalanche blaHls. 

lunar day , 

Tidal breezes. 

Irregular . 

Volcanic storma 


' Following closely the classification 
lexical Journal for March, 1888 . 


pnbllahed by the author In the American Motoon.- 
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139, Tidal breezes. The insignificance of all winds other than those of 
direct solar origin will be i^eroeived by glancing nt those here referred to 
lunar, telluric and indirect solar causes. Under luuai* winds may be placed 
those light movements of the air which are thought to correspond with and 
appear to be determined by the tides, where the rise and fall of the searsurface, 
as in estuaiies, is of considerable amount. The air is raised and pushed away 
by the rising water ; and when the water sinks, the air is drawn down after it. 
Near the borders of an estuary with strong tides, it is said that winds of this 
class are perceptible. They are said to occur in the Gulf of St. Lawrence, 
but they oi'e of subordinate quality and are generally overcome by stronger 
winds of other kinds. The strong tides of the Bay of Fundy should produce 
winds of this class, if they occur anywhere : they would be detected by hourly 
records of the wind direction at several stations around the Bay, tabulated 
according to the lunar day, instead of the solar. It is believed tliat land and 
sea breezes are intensified at certain tropical stations, when tliey move with 
the falling and rising tide. It may be here mentioned that the most careful 
analyses of wind records at inland stations, or over the world in general, have 
failed to detect anything more than the faintest and most questionable control 
of the winds by the moon, except in the indirect manner above indicated. 
The more closely the subject is investigated, the less reason there appears to 
be in the popidar belief that the moon exercises any significant control over 
the weather. 

140. Volcanic and accidental winds. Winds are occasionally associated 
with volcanic*, outbursta ; either from tlio explosive action of the eruption or 
from the convcctional motion of the air over incandescent lavas. These are 
the only winds of purely telluric origin, and need only to be mentioned to 
show their rarity. 

Destructive blasts of air are sometimes brushed forward by landslides or 
avalanches ; tluy may bo of sufficient violence to overturn houses and trees 
many himdriid feet in advance of the slide. Although of telluric origin at 
first sight, landslide blasts shoidd be regarded as of indirect solar origin, 
inosmueh as landslide's in all cases depend on the erosive action of rain and 
streams, and those de])end on sunshine. Avalanche blasts are more apparently 
of indirect solar origin. 

Certain obsorve^rs have reported a light wind moving from the space 
traversed by the passing sluulow of the moon during a solar eclipse, as if the 
air under the shadow bo(*.aine Bomewhat cooled by radiation, and thus developed 
a faint eonvectional dosccnit and outflow. In the event of a total solar eclipse 
occurring in a populous country and at a time of quiet weather, hourly 
observations of the wind might bo undertoken by munerous observers to 
determine the extent of this peculiar member of the family of winds. 
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All tbe liinar^ voloauio^ aooideiital and eclipse winds together are of the 
most trifling value compared with the vast systems of prevailing winds 
embracing the whole earth in their circuits ; of continental windS; sweeping in 
to and out from the center of even the largest land areas ; or of stormy winds, 
whirling in cyclonic eddies a thousand miles in diameter, travelling for a week 
or a fortnight, and crossing lands and oceans on their way. These are all 
winds of solar origin. 

141. Planetary winds. All rotating planets that have on atmosphere and 
are wanned around the equator by a sun must possess more or less perfectly an 
oblique circulation between the equator and poles, of a kind already outlined 
in previous sections. The essential features of such a circulation may now be 
concisely stated. 

Supposing the surface of the planet to be smooth, and the contrast of 
temperature between equator aud jwles to be strong, there will be a belt of 
low pressure around the equator, tropical belts of high pressure at some inter- 
mediate latitude, and caps of low pressure over the poles. The aiTangeinent 
of the isobario surfaces of the atmosphere would correspond to that for the 
southern hemisphere in !Fig. 26. The overflow from the warm equator would 
soon turn forward in the direction of the planet’s rotation eastward ”) and 
thus develop a rapid whirl around either cold pole. On account of the 
convergence of the meridians towards the poles, much of the air that departed 
from the equator would return in an under-current at various intermediate 
latitudes ; only the smaller share would complete the entire circuit.^ As the 
branches from the overflow descend to lower levels to begin their return 
course, they encounter gradients still directed towards the poles, but less steep 
thou those aloft. The strong equatorward deflective force gained by the 
currents on the steei)er upper gradients serves to carry them against the slope 
of the weaker lower gradients ; thus they return obliquely towards the equator. 
But if the currents descend close to sesrlevel, their velocity is so mucli reduced 
by friction that they obey the gradients and rtm obliquely towards the poles, 
forming the prevailing westerly winds of middle and higher latitudes.* 

^ The tropioal belts of high preeanre ore sometimeB explained as a result of the crowding 
of the equatorial overflow as It advances along the converging meridians. This Is Incorrect. 
If the convergence of the meridians determined an Increase of pressure, the pressure should 
he highest at the poles where the meridians converge most rapidly. The convergence of the 
meridians has no significant share in the inorease of pressore towards the pole. The tropical 
belts are due essentially to the high temperature on the equatorial side and the deflective 
force of the circumpolar whirl on the polar side. 

* An Illustration from another point of view may make this matter dearer. In saying 
that the retain currents go back to the equator against the gradients, It might he asked : 
what is the standard of “level “ from which the slope of an Isobario surface Is determined? 
The standard to which we are accustomed is the surface of the sea ; but it must be remembered 
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142. The members of the planetary system of winds. Tliis theory of 
the planetary circulation therefore tleinancls the existence of an overflow, 
approELching the pole in a spiral course ; aii interinedinte return current, sup- 
plied at all latitudes by branch currents descending in short circuits from the 
lofty overflow and receding from the pole in a spiral course, ])ut still moving 

that this Borfaco Is tliirteen miles further from the center of tlio eartli at the equator than at 
the poles, and that It might therefore be said In a certain rciiho to nsoeiid from poles to 
equator. The reason that we call it level is that we arc guided in the detenu inatlon of a 
level BurfEice only by our knowledge of the dlnsction of gnvvlty, to which a loycl surface must 
he perpendicular. Gravity, however, is not directed towanls the center of the earth, os has 
been explained in Section 1.*). In the youth of the world, when its rotation was presumahly 
faster than now, a dlfforent idea of “ level ” must have uhtulned. 

Eorthe same reason, the idea of ** level'' that the Cinuunpolar Eddy possesses cannot 
agree wjlth ours ; for its period of rotation around the cailh's axis is less than twenty-four 
hours. Prom the Eddy's point of view, the surface of tlio ocean, which wo coll level, must 
slant down towards the equator. Indeed, the isobario surfaces at tho level of the return 
current, which we say slant to the pole, must wiem to Uio Eddy to slant faintly towards the 
equator ; and with this understanding of gnulients, it is natural that tho return current should 
follow what It regards as their direction of descenl. 

Piguie ^13, oorrospomling to Pig. 2(1 of Section 111, may make this still plainer. The 
meridional components of tlio winds are shown hy doited linos for a quadrant of the section. 
To us, who live on Uio surface of tho rotating earth, the elliptical meridian, NQS, appears 
* * level.” If tho earth did not 
rotate, tills meridian would 
be called “up hill'' toward 
the equator, hucausc it rises 
In that direction alnive the 
circular meridian, 
which would then ho called 
level. The rapidly whirling 
equatorial overflow n^gards 
all the Isoharlc surfaces above 
the line, ABC, as slanting 
towards the poles, for in spite 
of Its excessive cciuaiorwanl 
deflection, tho uxqHir surftuics 
descend so rapidly towards 
the pole that tlielr descent 
must he recognized. But 
when the hranohus of the 
lofty overflow doacond to 
enter the return current, 
beneath ARC, Uioy llnd piu, 33 . 

isobario surfaces that arc not 

so steep towanls tho poles ; and these tliey mistake (as wo should say) lor gradients directed 
towards tho equator. Tho lino, A 71 6 ',.'tliereroro represents the “neiitrai piano'' of the 
planetary circulation. Finally, tho surCaco winds, having only a moderate velocity eastward 
In excess of the earlli, seo the lower 'gradients os we do, and sidle along them towanls the 
pole. 
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forward in the direction of the planet^a rotation imtil it passes the axis of the 
tropical high-pressttre belt, where it moves obliquely backward as the trade 
wind; and a lower current, constituting the prevailing westerly winds of the 
middle and higher latitudes, approaching tlie pole in a spiral course, like the 
overflow aloft The intermediate and upper members are not yet clearly dis- 
tinguished by direct observation, for the actual circulation of the earth^s 
atmosphere is much disturbed by continental obstmction and by stoimy over- 
turnings. Indeed, there is reason to believe that the confusion of currents 
thus introduced constitutes the greater pait of the resistances encountered by 
the lofty currents of the equatorial overflow. 

Calms should occur at all places of no gradient ; that is, along the axes of 
the equatorial and tropical belts and close about the two poles. Tho two 
former are well confirmed by observation, and record of the two latter may be 
expected when the poles are explored. 

Along the equator, above the surface calms, the trade winds converge and 
move from east to west, ascending obliquely as they go, and gradually turning 

north or south when they mount to 
an altitude at which the poleward 
gradients appear. The overflow there- 
fore begins with a westward component 
not before mentioned ; but this is soon 
lost under the action of the deflecting 
force proper to the hemisphere that 
the air enters ; and the current swings 
around toward the east. 

An ideal planetary circulation is 
represented in Fig. 34. The upper 
currents are drawn in full lines in the 
northern hemisphere, with the inter- 
mediate return currents in dotted lines. 
The return currents are di*awn in full lines in the southern hemisphere, with 
the Burfeice winds in turn dotted beneath them. 

An essential characteristic of the oblique planetary circulation is the 
retardation of the atmospheric interchange between the equator and the poles, 
as compared with the rate it would attain on a non-rotating planet on which 
the winds would follow the meiidiaiis. For while the cTOumpolar winds on a 
rotating globe reach much higher velocities than would be gained by the 
meridional winds of a stationary globe, tlie oblique course of the circumpolar 
winds reduces their meridional componehts of motion below the values they 
would have in the direct north and south circulation of a stationary globe. 
The contrast of polar and equatorial temperatures is therefore greater on a 
rotating than on a non-rotating planet under similar supplies of insolation. 
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The members of the circulation of our atmosphere, which may be toJcen 
aa illustrating the phiiiotaiy system of wiiuls, may now be described. It is 
natiirol that they are found in Ix'st development over the ocenais ; while the 
.continental areas cause intenniptions which will be cousidei-ed further on. 

143. The trade winds blow between the tropical belts of high pressure 
towards the equatorial belt of low iiressure; from the noitiieost in this 
hemisphere, and from the southeast in the other. They ai*e best observed on 
the oceans, where they hold' their courses steadily over great oi’eaa, the most 
regular winds of the world, witli a brisk velocity on gentle gradients. They 
occupy nearly half the eaitii’s surface, and thus atld to the uuifomiity of the 
great torrid zone, alreiuly signalized by its faint contrasts of temperatui’C and 
its small change of sc^asons. Their name comes from their steadinesB, and 
not, as the dictionaries sometimes say, from their benefit to commerce. Their 
course is so steady that it has given name to the Windward and Leeward 
Islands of the Lesser Antilles. Tlu'se great streams of air average two miles 
or more in depth; only the higher mountains of their latitudes rise above 
them into the oblique westerly (jurrtuits or anti-trades of still higher levels. 
They are seldom iuviuled by storms ; they bear only small clouds by day and 
at night they arc nearly (doudless ; their mass warms throughout and expands 
to greater volume 21 H they draw mwircir the equator ; and they gather a great 
amount of va])or from the oe(*an suiTaco .as they brush the waters along in 
their course. Yet while the winds at s(*a may blow for days or even for weeks 
with sliglit variation in diriMstion or stnmgth, their uniformity os displayed on 
our planet should not bo oxagg(n*at(?(l. There are times when the trade winds 
weaken or shift ; there are regions where their steady coui*se is deformed, 
most notably about th<i largm* island groups of tlie l^aeifio; the Fiji and 
Samoa or Navigators Islands. At ecu’tjiin siuisons in the several oceans they are 
invaded by revolving storms or cy(doncs of t(*rrili(» energy (Sect. 217). Near 
tlio coasts tho trjul(?H intiuTiipted by the daily bre.athing of the land and 
sea breezes ; they are gr(»atly <l(*fl<Hit(*d by mountain ranges and continental 
barriers ; and over tho torrid lands tlu^y may Ix^ entirely broken up for port of 
the year by the strong seasonal (diaiig(?s of tcmi)erature. 

144. The doldrums or (spiatorial <talms li(? between the steady trades along 
the barometric equah)r of no gi’iidients : a b(dt of light and vaiiable winds and 
frequent calms, with (doiidy, rainy sky, accompanied by thunder-storms and 
squalls. Tho air of tlu^ moist tnule winds, flowing in obliquely from either 
side, lien* loiters about, and wciro it not for the shouldering off of the lofty 
overflow by tho cxj)ansi()n of the low(*r air, the equatorial low-pressure belt 
would soon bo filhul up. Sailors find that the doldrums, with their calm, 
sultry air, their light and baflling breezes and frequent rains, stand in dis- 
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agreeable contrast with the refreshing air of the trades. In the doldniina the 
ocean may be glassy smooth, reflecting the gray or leaden color of tho olouds } 
the sails hang lazily from the spars, waiting for a chance breeze, flapping ()uly 
as the vessel rolls in the long swells that swing across the sea from Rtoriiiier 
latitudes. In the trades the sea is roughened under the brisk wind ; its color 
is clear dark blue; ships sweep swiftly across it, holding close to their course, 
every sail full and drawing, and the vessel steadily canted to leeward day and 
night 

146. Horse latitudes. Tho vague tropical belts of high pressure on tho 
outer margins of the trades are characterized by light, variable winds tind 
occasional calms, known at sea as the horse latitudes or tropical culnifl ; but 
unlike the doldrums the weather here is comparatively clear and fresh. Tl&o 
meaning of these marked contrasts, to be given in the chapter on rain, will bo 
found to afford correlations of much value in testing the general theory of 
atmospheric circulation. 


146. Prevailing westerly winds. Outside of the tropical bolts of high 
pressure, all across the temperate zone and even into the frigid regions, wc 
find the prevailing icesterly winds; the surface members blowing west-south w<^Ht. 
in this hemisphere, west-northwest in the other. As tho upper and lowiu* 
currents are here of nearly tho same direction, the westerlies arc of grcMitcu* 
depth than the trades; they prevail to the summits of the highest mountain h 
and even to the level of the loftiest clouds. They are frequently iiitorrupt(*'d 
by storms, rare in tho trade-winds of the torrid zone ; indeed, the wiiitcu* of our 
temperate zone on land is characterized by so continuous a succesaion of sliifting 
winds that the prevailing direction of movement is hardly apparent until a. 
careful record is examined. The interference of mountains and ouiitii units 
with the westerlies of the northern hemisphere is even greater tlian witli tho 
trades ; and for this reason, the southern hemisphere, where the teiu[)iu*ato 
latitudes are nearly all of ocean surface, offer a much better field for tlie study 
of the westerlies, as members of the planetary oironlation, than is found 
nearer home. 


Between latitudes 40** and 60“ south, the « brave west winds ” blow almost 
contanuously from some westerly point; shifting somewhat when compounded 
r! V cyclonic whirls, especially in the higher latitudes, and often 

holding the strength of a gale for days together, partioulajly in winter • if 
m-ersed to ^ easterly diwetion, the idiid remams in that quai-ter for but n 
bnef tune and is seldom violent. For this reason, beating around Cape Horn 
to the weshvard IS dreaded by sailors 5 the wind there is boisterous and^stormy 
the air cold and wet, the sea nearly always rough. Sailing vesseTS 
England to the Australian colonies therefore take an outward course by Cape. 
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of Good Hope, but return ocrosB the South Paoifio, x)asBing Gape Horn to the 
eastward, thus carrying fair winds nearly all around the world. 

In passing to still higher latitudes, about GO*’ in the northern hemisphere 
and somewhat further from the equator in the southern, winds from a polar 
source become more common ; very little is known of them, and os they seem 
to be due to disturbance in the normal planetary winds caused by the lands, 
they will be briefly referred to in a later section. 

147. The upper currents blow prevailingly from the west and with high 
velooily in nearly all latitudes. Observations of the loftiest clouds disoloBe 
their rapid movement and almost constant drift from some westerly iwint. 
Temporary departm'es from this direction in temperate latitudes are always 
associated with some i)assing cyclonic disturbance. On Pikes Peak, over 
70 per cent, of the winds recorded iii ten years of observation came from 
some westerly point, and 36 per cent, from the southwest. Even in the trade- 
wind belt, the winds on lofty peaks, the carriiigo of volcanio smoke and ashes, 
and the drift of the upper clouils indicate os stctuly a westerly wind or 
anti-trade aloft as easterly below ; the upper wind turning obliquely from the 
equator while the lower wind approaches it ; and the two together undoubtedly 
forming compensating members of the terrestrial circulation. The anti-trades 
are felt on the summit of T(uu‘.rif(^ and on the volcanoes of the Hawaiian 
Islands, while clouds are seen floating in the trad(‘.-wiiuls below. 

But close to the eqiuitor, tlic upper ournuitH arc from the east. This is 
known from occasional observations on c.irruH clouds, and hotter still from a 
peculiar effect of the great volcjuiic outburst of Krakatoa iii 1883 already 
referi’ed to. The dust and vapor blown out by the volcano caused remarkable 
displays of smiset and sunrise (iolors (Section 71); thoso were noticed at places 
progressively further and fiii^tlier west around tlui equator, encircling the world 
in fifteen days ; thus detcn’iniaing a westward truiisportiitiou of the dust at the 
rate of seventy miles an hour. After eiie.ireling th<j earth, similEir bidlliant 
sunsets were observed progressively northward and southward from the equator, 
as if the dust were tlnui grmliuilly and bromlly distnbuted by the poleward 
overflow of the upper atmosphere. 

148, Winds on other planets. The tolcBcoi)c reveals markings on some of 
the planets of our system that are interpreted as cloud belts, arranged by their 
winds. The great planet tlupiter has a well-marked system of belts ; their 
distinctness is doubtless in good part due to his rapid rotation in nine hours 
and fifiy-six minutes, which would develop a strong deflecting force and cause 
a distinct “ flattening” of his winds. The axis of Jujutcr is so nearly at light 
angles to the plane of liis orbit thfit his wind system can have little annual 
variation. Saturn, whoso day is almost as short os that of Jupiter, also has 
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atmospheric belts of lighter and darker color, indicating an atmospliori*^ 
circulation ; his being inclined almost 27 degrees to liis orbit, and his 
year being long, his ■wind system must shift north and south like ours. A 
planet like Uranus, whose axis is thought to be nearly ooincideiit witli tlut 
plane of his orbit, would, if the heat of the sun were suificieixt at so grcuit a 
distance, have an extraordinarily well-developed migi’atiou in his wind Hyst(»in : 
dmiug its long spring and autumn, the circulation would ho likii that of 
Jupiter j but in its equally long winter and summer, the polo ol’ tlii^ Hinmy 
hemisphere, with continuous sunshine for many of our years, would bocunno 
the center of a great cyclonic whirl, with an ascending instead of a desotiiidiug 
component of motion Planetary winds thus appear to be of difforont kinds. 
We shall not fully appreciate the special features of the winds of our plane it 
until the peculiarities by which they are distinguished from the Jovian ami 
Uranian winds are clearly perceived. 


149. Terrestrial winds. The general scheme of planetary -winds may now 
be more closely adapted to the earth by considering, first, the ellent of tin* 
inclination of its axis to the plane of its orbit; second, the disturbing 
of its continents and mountain ranges. This seotion will inciludc only tho 
first of these effects ; and the planetary winds thus modified will be oallcul tlu* 
terrestrial winds. 

The in clina tion of the earth's axis to the plane of its orbit caiLsc^s an 
annual migration of the heat equator and an annual variation in the ])olewar(l 
temperature gradients, as has been explained fully in a former cluiptcn*. In 
consequence of this migration of the heat equator, the barometric equator, or 
axis of low equatorial pressure, must also migrate with its belt of light winds 
and calms, and wheif its extreme northern or southern position is aHsuiued, 
the winds of the winter hemisphere must extend across the geographic etpiator 
for a little distance into the su mm er hemisphere. The effect of this on tlio 
course of the trade winds is remarkable. Consider the time of tlin latt^ 
northern summer, when the barometric equator on the Pacific lies bi‘twe(*u 
7® and 10" IT. latitude. The southeast trade wind of the southem heiiuaplu»r<^ 
is then led by continuous northward gradients across the equator ; but; on 
^t^g our hemisphere, and finding itself under the control of a right-handed 
deflecting force, it swings around and becomes a- southwest wind, oooupying a 
ktatude Ijelt that was traversed by the normal northeast trade wind six niontlm 
before Although not conapioaous, on account of the many irregularities 
whioh the coime of the winds is subject, the apeoial charts of the Pimilio 
^ existence of this interesting feature of the terrestrial 

winds of this belt may be called the tei-restrial 

whose direction is reversed once a year. The equatorial oouuteiMJurrent of 
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the Pacrifio waters appears to be chiefly due to the action of this special mem- 
ber of the terrestrial circulation. A belt of similar terrestrial monsoons 
occurs south of the equator in the Indian ocean. When the teri*estrial mon- 
soons are aided by continental influences, alternating winds of much greater 
extension and distinctness are developed, as those of the Xoith Indian ocean 
and the Chinese seas (Sect. 153). 

The annual change in the value of the poleward temperature gradient 
causes a corresponding variation in the barometric gradient ; luid although this 
is of small amount, it has been recognized as a oliaracteristio of the distribu- 
tion of pressure on the isobaric ohai’ts (Sect. 114). In consequence of this, 
there is a distinct annual variation in the velocity of the prevailing westerly 
surface winds of middle and higher latitudes, and of the higher currents also, 
as determined at mountain observatories and by observations of clouds. 
Extended cloud observations at Blue Hill, Mass., indiciito that the entire 
atmosphei'e, from the lowest to the highest cloud level, moves almost twice as 
fast in winter as in suminor ; the mean velocity of the highest clouds in 
winter being over 112 miles an hour, and the highest velocity determined 
being 230 miles an hour. The velocities determined by obB<‘rvati()ns in Europe 
are not so great, but they show n similar annual variation. With iuorease 
of velocity in the winds, the equatorward deflecting forco is increased ; thus 
the air is held more cfFectivcdy from the polar regions, and the tropical holt 
of liigh pressuro in the wiiitm* lieinisi)hero is driven furth(*r towards the 
equator after the retreating doldrums. Wluui the winds shwiken, the deflecting 
force is relaxed and tlu^ high-))roR8uro belt moves towards the pole. The 
horse latitudes” therefore shift noi^tli and south in an annual jifulod synqMi- 
thetically with the equatorial c.alms or doldrums. This will b(j found to exert 
a marked control on the rainy sotisons of cerbiiu regions (S(»e.t. 302). 


160. Annual migration of the wind system. TIu^ whole system of 
surface winds shifts north and south after the sun, moving northward till 
August or ScpUunhnr and southward till February or Mai*ch, as is shown in 
the following table of limiting latitudes of the several members on the oceans. 


NE. Trades 
Doldrums . 
8E. Trades 


Atlantic 

MAUCII. 

2(5® N. - N. 
.r N. - 0® 

0° N. - 2r," S. 


OCKAN. 

HKITRUIIKII 

Sr)«N. - 1I®N. 
ii°N. — ;J°N. 
;i® N. - 25® s. 


Pacific Ockan. 


HARCIl. 

25® N. - 5® N. 
5® N. - :J® N. 
a® N. - 28® S. 


HI5in*KHllRR. 

.aO®N. -10®N. 
10°N. - 7®N. 
7®N. -20® R. 


The shifting is much hwA than the migration of the sun fronrthe equator; 
and the maximum migration of the wind system, north and south, oooura one 
or two months nft(n’ the solstices ; an example of the belated occurrence of 
an effect after its cause. 
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151. Sub-eqtiatorlal and snb-troplcal wind belts. In oonsequence of tlio 
shifting of the members of the planetary system that is seen in the terrestrial 
winds, it is advisable to introduce special names for those belts over whidi 



Eia. 86. 


the equatorial and tropical calm 
belts annudly migrate. The first 
may be called the sub-equatorial 
belt ; as has ali^ady been stated, 
and as is now illustrated in Pig, 
36, its northern half has blternato 
northeast and southwest mon- 
soon winds; its southern half, 
southeast and northwest mon- 
soons in the winter and summer 
of the respective hemispheres. 
The other belts ore called the 
northern and southern sub-tropi- 
cal belts, where the steady trades 
and the stormy westerlies alter- 
nately hold possession, sunumn* 
and winter. It must be carti- 
fuUy noted that these smaller 
features of the terrestrial circu- 
lation are by no means regularly 
and symmetrically developed on 


, line accuai eartn, liowever well 

they might be formed on an earth all covered by an ocean. Their bouiubiries 
are not on velWefined latitude lines, aa in the diagram, but are often rendered 
vague and irregular by other than terrestrial oanses ; yet they are distinct in 
certain regions, and they will have repeated mention in later seotions oouconi- 
mg stormsjprainfall and climate. 


'Tlie^tenniptions in the terrestrial winds due 

»n^iwV of t^o kinds. One arises from the 

wnteasts of temperature on lend and water and acts in opposite directions 
^nteran^^mer: it would appear in full development, e^n if the lands 
were perfectly level and elevated above the eea only enough to prevent 
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The isothermal charts for January anti July have already shown that the 
lands of the temperate zone ore alternately warmer and colder than the 
adjacent oceans. They must therefore cause seasonal changes from low to 
high pressure,^ and the terrestrial winds must be more or less affected by 
these changes, as has already been bnefly referred to in considering the points 
of correspondence lietwoon theory and observation. The inflow towaitls the 
wann huids of summer and tlio outflow from the cold lands of winter will be 
appropriately deflected to the right or left according to tlio hemisphere. The 
overgrown continent of Asia presents tlio most striking illustration of winds 
of this class ; the pressure over a largo juirt of Central Asia, when reduced to 
seorlevel, varies by eight-tentlis of an inch from Jaiiuaiy to July, and the 
general course of the jdanetary winds is theitdore greatly modified, os may be 
seen on Charts V and VI. In our western interior the annual variation is about 
fomvtentlis of an inch : in Australia it is about three-tenths of an inch. With 
these changes of pressure there are somotimes coiii})l(!to reversals in the 
direction of the winds, wliioh are then called mntimmtal viomoom, 

A small illustration of contiiuaital winds is found in tho iieninsula of 
Spa^n. Tho seosoiud vtiriations of temperature on the xmniusula have already 
been shown in Figs. 14 and 16, Section 85. The offeot of these changes of 



temperaturo on the distribution of pressure and on the associated course of 
the winds is giv(‘ii in Figs. 8(5 and ;57. The lirst sliows January, with an 
interior area of high pressure and obliipudy outflowing winds j the second, 
July, with an interior area of low prcssiii’e and obliquely inflowing winds. 


153. The monsoons of Asia. In tho winter Beason, when the equatorial 
belt of low pressure lii*H eight or tim degrees soutli of the geographical equator 
in the Indian Ocean, the abiuinnally low t(»mi)oratures prevailing over Asia 
increase tlio extont and value of tlu^ baric gi'odients on which the trade winds 


1 Hco fooMioU? to Sect. 114. 






Pio. SB. — Qbneral Winds op the Indun Ocean for Jancart and February. 

{,From thtMlaa tht Indian Ocean qf the Ocrman Naval Obaervatory,) 
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Fid. W inks «k tiik Iniiian Okkan wm Jiilv anii Aukubt, 
(Anim thtAtUu uf the huUnn ttenm uf the tlemiui ynual Obaertatory,) 


126 


blemei^aby meteobology. 


of our hemispliere bloTr ; auci all tlie soutliern and eastern coasts of that vast 
continent are swept over by an outflowing wind, generally from the north or 
northwest on the coast of China and from the noiiiheast over India, but having 
a dii*eotion locally much influenced by the form of the land, and hence better 
named the winter monsoon than by a name indicative of its direction. As 
drawn in Fig. 88 ,^ the winter monsoon of northern India flows from the noith- 
west in the plain of the Granges. Over the land, this wind is generally weak, 
cool, and dry 5 in China, when reinforced by stormy distm’bances, it may become 
strong and cold. Over the sea, it blows briskly and takes the normal direction 
of the northeast trades, crossing the equator on its way to the belt of calms ; 
but shortly after entering the southern hemisphere, it appropriately turns to 
the left of the gradients and blows as a northwest wind, a true terrestrial 
monsoon ; not so steadily here as farther north, and yet appearing distinctly 
enough in chajts of the average wind direction of these special latitudes. 

In the summer season, Asia is the seat of unduly high temperatures, and 
by the aid of its numerous lofty mountains and plateaus a great depth of 
atmosphere is warmed abnormally. The high pressure of winter is then 
reversed into a low pressure, and the winds blow inward from all sides, even 
from the South Indian and the Arctic oceans. Over India, the general direction 
of this monsoon is from the southwest ; but it is turned to the southeast on the 
plain of the Granges. On the coast of China, it comes from the south or south- 
east. It is a warm, sultry, moist and rainy wind, of decidedly greater velocity 
than the winter monsoon. 

The monsoons of India are the most famous winds of their class. Their 
name is derived from an Arabic word, meaning season. The belt of low 
pressure that lay to the south of the equator in our winter migrates gradually 
northward in spring, and is finally replaced by the formation of an area of low 
pressure over the worm desert plains of India and Persia, even as early as May. 
A northward gradient then leads the southeast trades of the South Indian ocean 
across the equator, and on entering our hemisphere they swing around and 
blow from the southwest, as shown in Eig. 39 ; thus presenting one of the most 
interesting phenomena in the circulation of the atmosphere. The northern 
Indian ocean and the adjacent seas ore thus alternately swept over by winds 
of northeast and southwest directions, and on land these winds dominate the 
change of the seasons. The true terrestrial monsoons are seen on a belt of 
the Indian ocean close south of the equator ; being occupied by the normal 

1 Bigs. SB, 89, 40, and 41 ore copied from charts prepared hy Dr. W. KCppen for the 
German Kavol Observatory {Dendache Seemsrte) at Hamhuig. The first two ore taken from 
the Atlas of the Indian Ooeon ; the second two, from the Sailing Handbook of the Atlantic 
Ocean. Long wind arrows denote steady winds ; shorter orrowa, variable winds. Heavy 
wind arrows denote gales or strong winds ; light arrows, moderate winds ; small circles 
Indicate calms. A foller acooimt of these charts is given In the American Meteorologloal 
Journal, vols. IX and X 



A GENERAL CLASSIFICATION OF THE WINDS. 


127 


southeast trade in our summer, and by the deflected extension of the noiiiheast 
trade which turns northwest after it crosses the line in our wintcu*. The 
monsoons north of the equator are n product of terrestrial luid continental 
winds combined. 

154. Monsoons of Australia and .elsewhere. Australia, alternately too 
warm and too (*.old for its latitude, and lieiu?e with pressuros alternately lower 
and higher than those of the surrounding seas, ])ossessos winds blowing S 2 )irally 
inwards in Jiuiiuiry and outwards in Jidy. They are not, how(»ver, in all i)ai'ts 
of this land reversed directly enough to deserve the muiie of monsoons. In 
Jamuu-y the equatorial belt of low ])ressure becomes confluent with the local 
area of low i)r(*8sure ovcu’ Austi'alia, and the outflowing monsoon of the Chinese 
coasts crosses the o(xiuitor and reaolics Australia as a northwest monsoon ; thus 
repeating the illustration already afforded by India of a continental deformation 
of the terrestrial wind system. 

In the Atlantic) ocean, north of the oqmitor and adjacent to Africa, tliere is 
a small arcMi alternately swept over by the northerly trades of winter and a 
deflected cxtoiision of the southerly triules in summer, thus jiroduoiug a distinct 
monsoon-like reversal in the clirootiou of the winds with the seasons. The 
same change a]q)oars to occur in equatorial Africfi, as the lK3lt of calms shifts 
north and south after the sun. As the wind there blows over the land and 
near the cupiator, its deflection from the gradients is small, so that in siujcossive 
halves of the year it aiqiears tis a iicaidy revcjrsed north tuid south wind, and 
hence of monsoon (puility. In equatorial South America this ehimge does not 
ap])ear so distinctly ; the winds of the ]>lains of the Amazon coming chiefly from 
the east, ])robably by r(»ason of the heavy rainfall that occurs along the eostoni 
base of the Andes, towards which the air is drawn. 

The winds on the Texjis coast of the Gulf of Mexico numifest a distinct 
monsoon temhnicy, blowing more frecpiently from the south in the summer 
and from the north in tlu* winter; but as tluur direction is conqdicated by the 
action of iwissing cyclones, they are not steady and they do not exhibit the 
strong {uid i)(M'sist(mt s(‘asonal contnists found in the chissic monsoons of India. 
Of all th()se examples, that of Asia and in ])articular of Southern Asia and the 
twljaccnt Indian ocean is the most instructive. The extension of the Houtlu'ast 
trade-wind of the Indian o(‘«»an in the northern summer «ih a southwc'st monsoon 
in the area normally Ixdonging to the northesist trades anel the reverse condition 
ill southern summer, are the most remarkable occurrences of the kind in the 
world. 

155. The monsoon influence on the terrestrial winds. The cases of Asia 
and Australia aln^ady giv<*n illustrate the considerable deformation of the 
normal system of terrestrial winds by continental influencoa ; the migration of 
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oei^taiii members of the teri'estrial system being greatly increased by the action 
of the land in causing a strong migration of the heat equator. In most ports 
of the worlds however; the effects of the variation of temperature on the land 
is not so excessive as to i^everse the direction of the wind, winter and summer, 
but only to modify its cotu'se. Thus, in the central and eostem United States, 
the prevailing westerlies veer from south and. soutliwest in summer when the 
continental interior is unduly warm, to west and northwest when it is xmduly 
cold. In Europe, where the greater continental area lies to the east, the 
monsoon effect is reversed, and there is a change from west or northwest 
winds in sunmier to southwest winds in winter. As a compensation for these 
oblique courses of the surface winds, the upper currents over tlie eastern 
United States, as determined by the drifting of lofty olouds, move more from 
the northwest in summer and from the southwest in winter; while over 
western Europe their movement is from the southwest in summer and 
northwest in winter. The contrasted monsoon influences on the two sides of 
the Kortli Atlantic are of great importance in determining the olimatio features 
of the two regions. They are particularly effective in increasing the annual 
range of temperature on our eastern coast, and in diminishing it on the western 
coast of Europe. 

166. Continental obstruction of terrestrial winds. Besides introducing 
complicated variations of temperature, the continental masses obstruct the 
free passage of the winds. One of the most manifest effects of the inequalities 
of the land surface is found in tlie general deci'ease of the velocity of the 
winds over the land as compared with that of the winds at sea. The average 
velocity of the latter approaxihes twenty miles an hour ; while that of tlie 
former is not more than half of this value. 

The interference with the regular course of the teiTestrial winds exercised 
by the stronger reliefs of the continents is well seen in the western hemisphere, 
where the Cordilleras of North and South America interrupt the free passage 
of the winds between the Pacific and tlie Atlantic. The westerlies of the 
North Pacific branch southward and join the trades along the coast of 
California and Mexico ; and similaidy the trades of the Atlantic give forth a 
branch that turns northward and reinforces the deficiency in the westerlies in 
the Mississippi basin east of our Cordilleras. The same thing may be noticed 
in perhaps better development in the southeni hemisphere, where the mean 
height of the mountain chain is greater than with us. The westerlies of the 
South Pacific give forth a great branch that turns north along the coast of 
Chile, and joins the southeast tirade off Peru; the southeast trade of the 
South Atlantic becomes an easterly and northeasterly wind over Brazil, and 
swings around to join the deficient westerlies in the southern Argentine country. 
These deviations from the normal paths of the terrestrial winds will be found 
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of great importanoe in detennining the rainfall of tlieir several regions. In 
the eastern liemispliere tliei*o are no great iioi-tli and south mountain rtuiges^ 
and the continental interference with the terrestrial winds is less marked. 

157, The general winds. It will bo houoeforfli convenient to speak of the 
combined terrestrial and continental winds as the yeneml wlmh. One of their 
most interesting features is foinul in the great wind eddies developed on the 
oceans. If there were no laud areas to break the even water surface of the 
world, tlio trades and tlio westerlies of the terrestrial circulation, would be 
developed in the fullest sinipli<*.ity, with linear divisions along latitude circles, 
between the several iiieiuberB. The nearest ai)proa(jli to this is in the southern 
hemisphere, as already doscril)ed. Moreover, it is in the winter season of 
either hemisiihero that tho linear division between the members ot the disturbed 
terrestrial system is most diathuit; in July it is well marked in the southern 
hemisphere ; in January it is oven luorcj distinct, although somoAvhat irregular 
over the lands, in the northern heniisidunt*. Ihit in tho Rummer season, when 
the poleward giuidients in tho upi>ev air are wiiakoncd and the general circular 
tiou is relaxed, the tropical Xwlt of high pressure is broken wlu*ro it ovosBea 
the warm lands, and tlie air Hhoiilderod ofF from tho lands oticiinmlatefl over 
tho adjacent octeaiiR, especially in the northern or land hcmis])]i(‘ro. TIicji the 
linear division Iwtwtien the tradl^H and the w(iHterlii?B disapjx'arH, and tlio two- 
members are unitixl in a general outHowiiig H])inil eddy or “ antlcycloiiiij whirl” 
around the oval area of high ])roHsiire in mid-ocean. This is Jinely illustrated 
for the Atlantic in Kigs. ^0 and 41. 

On tho other hand, in the winter season thci oei'ans of the norfliem 
homiaphcr(^ dcweloji iiiHowing spiral eddies or ‘^e.ye.lonie whirls” in their 
northeiii ])ai*ts, wh(»re their tempol•aturl^ is abnormally high and the thoniial 
contrast with the lands of tho saim^ latitude is strongly marked. At the same 
time, the strength of the soutliwi*sterly winds oven* the Morth Atlantic is 
iuoreased, as appears in Fig. .10. 

168. Arctic winds. Still anoth(*r t^lTl•^^t of the lands in disturbing the- 
normal tmTcstrial winds is round in the Arctics ri'gioiis, of iiiueh int(jrust in its 
theoretical aspiu'.fc. It will \w ri'called that the. low i)rt*HBuro in tho polar 
regions depends entindy on t\w. (unitrifugal fore.e <l(*veloj)ed in the defleet<Ml whirl 
of tho iilanetary winds. If tin? vehxdty of tln^ (drenmpolar whirl near the- 
pole wei^e snflieieiitly rixliuied by e.oiitiiKuitJil ohstnietions, tho high pressure 
duo to eold might n<»t Ixi (Uitindy overeoim*. This appears to be the ease 
around tho north ]x)le, the ciniter of the hemisphere in which the land ai’ea 
widens and IxMxuues i»x(X'ssive. in high latitud(*H. d''hc polar low pressure here 
is by no means distinct, for the gnulieiits are dinxitixl from the polar region 
in suinnuu' towards tin? contiTH of low iirossure on tln^ continents, and iu winter 
towards the low pressure ar(?aH of tho northern ocoaiis. In both seasons there- 
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are northerly or northeaeterly winds issuing from certain parts of the region 
ai'ound the pole ; these may be regarded as lingering representatives of a vast 
system of polar winds that would sweep towards the equator if a strong high 
pressure at the poles had not been so nearly reversed to low pressure by tho 
whirl of the oiroumpolar winds. In the southern hemisphere, where the land 
area is small, this defect, as it may be called, in the terrestrial circulation does 
not appear as far as exploration has yet penetrated. The low pressure around 
the south pole is more strongly marked and the winds there are stronger than 
in the northern hemisphere, even though the poleward temperature gradients 
in that hemisphere are somewhat weaker than in ours. This want of 
symmetry must be referred to the unsynimetrioal distribution of land with 
respect to the equator. 

169. Diurnal variation in wind velocity on land. Over the oceans, the 
velocity of the wind shows no distinct diurnal period ; but over the lands and 
particularly in clear warm weather, the winds are distinctly stronger about 
noon than in the night. This is fully accounted for by the convectional 
interchange in the day-time between the surface air and the faster moving 
currents at a height of one or several thousand feet, as explained in Section 64. 
At night, the wind near the surface of the earth is greatly retarded by friction, 
and before morning generally falls to a calm, unless lu'ged by some temporaiy 
stormy disturbance : at a height of a thousand feet, the movement of the air 
continues about as usual Intermediate layers of air retain velocities dependent 
on the greater or less frictional resistances that they suffer. But as soon os 
the instability of morning hours causes oonvectioual interchange between the 
various layers, their movement is more nearly equalized and hence the velocity 
of the wind is increased at the earth’s surface, reaching a maximmn in the 
early afternoon. As the ground cools towards sunset and the convectional 
currents cease, the surface winds weaken and the evening becomes calm. It 
will be seen that the diurnal increase of cumulus clouds (Sect. 196) is caused 
by the same convectional process. In fair summer weather, the variation in 
the velocity of the wind and in the amount of cloudiness is very distinct even 
to ordinary observation. The change in the velocity of the wind is most 
pronounced in arid regions, such as our drier western plains, where the diurnal 
variation of temperature in the lower air is strong : at night the calm is often 
complete; in the day-time the wind may rise to a dusty gale. The dust 
whirlwinds of desert plains should be associated with this featiue of tlie 
general winds, as they are only the more visible manifestation of the process 
on which the diurnal increase in velocity generally depends. The greater 
velocity of the summer than pf the winter monsoon in India, and in general 
the greater velocity of the wind on a given gradient in summer than in winter, 
is best explained by this process. 
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It must be inferred from this x)eciiliarity of the general winds that the 
weak gradients on which they depend, illiustrated in the isobai'ic charts IV, V, 
VI, are not sufftcient to drive the lower air across the rough surface of the 
lands, unless aided by the intermixture of the lower and higher layers by 
convection. Wlien winds occur at night on land, they are to be referred to 
local gradients, such as are described in the following se(?ti()us, or sucli as 
accompany the passage of storms. 

Furthermore, according to this theory, a neticaaary consequence of the 
diurnal valuation in the vehxtity of the surftute wind over the land is an 
inverse variation in the velocity of the uj)i)er wind. The velocity aloft should 
decrease by day, for the gravitativo ae.celeration on the general gradients has 
then to expend a part of its force in overcjoniiiig friction with the groimd ; 
and the velocity aloft should increasi^ at night, when the lower air lies still 
and the acceleration has to ov(»reoni(^ only the frie.tion of air on air. The 
records of mountain observatories show very clearly that the variation thus 
called for by theory really (*xists. Even at the iuod(‘rat<^ height of the Eiffel 
tower (990 feet) in Paris, the nocturnal inc-rcMise in tla^ vdoclty of the wind is 
distinct. The exidanation as a])i)li(id to the low(»r winds is due to Esi)y, who 
announced it in 1840; the variation of tin? up|)(u* winds was detected hy 
Heilman of Berlin, in his study of our Mt. Washington records in 187C; it 
was exidained hy Ko])i)eii in the sanies year. 

The voitical intiu-diaiigo of uppeu* and lower air in tlu^ day-time lias been 
applied to exjdaiii the hot iioon-tinii* \vi»st{»rly wimls of the jdains of northern 
India. Tlieso winds have a 1i‘hh aniount of nioistuni than is observcxl in the 
region whence they siumi to (wnne. It is ingiMiiously suggt^stcul that this 
peculiarity results from a (U)nve(dlonal diwunit of dry iijijier air from an 
elevation of about 10,000 fe(^t, to wliieh tlio surfaei? h(«it would (jaiiso the 
lower air to ascend. At that levi‘1, tlu‘. e.al(udat<ul gradiimts would cause 
westerly winds; and tlu? dry ujipi^r air, d(wu*nding, wcaild roacli the ground 
with on abnormal diroe.tion, a high teinp<»rature, and an uimsually small 
amount of lnoiHtur(^ A similar (^X])lanatioii may be found to apply in northern 
Texas and Kansas where jiandiing hot westmly winds ari^ known on summer 
days (Sect 24/5). 

There is a slight dhmial variaiion hi f/tr. matni dirvr.tlon of whidj of small 
practical im])ortan(!<^, but of iniudi intu’i'st from the eviilence that it gives of 
the correctness of tlu^ ]n*ine.i])l(‘H in mMJordaiHie with which tlic theoiy of the 
winds has been fnuned. The* avc*rag(^ of many luinrly observations shows that 
tlie wind tends to veer a little to tlu* right in this liemisphei*e as the day 
passes, and to turn back again as night (^omes on. This is in consequence of 
the convectional descimt of tluj iipjx*!* air, lus just explained ; for tlie upper 
currents, with little friction, turn strongly from the gradient, and this effect is 
propagated downward in the chiy-time towards the earth's surface ; but at night 
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when surface friction with the ground is more largely in control, the deflection 
from the gradient is less ; hence the surface wind turns a little to the right of 
its mean direction by day, and to the left by night. 

160. Land and 8eabree2es. The seasonal contrasts of temperature on 
land and water have a paiallel in the diurnal contrasts. In summer particu- 
larly, the land over its whole aiea is warmer than the sea by day, and cooler 
by night ; and if our days were long enough, diuinal winds would sweep into 
the continents to their very centers every day, and back again every night. 
But the rotation of the earth is so rapid in comparison to the circulation 
of the winds excited by the diurnal contrasts of temperature that there is not 
time for their motion to be propagated far inland or seawai‘d from the coast- 
line. The litoral breezes seldom extend more than twenty or thirty miles 
inland, and their seaward extension is probably less. Delicate observations 
have detected a slight diunial valuation of pressui^e at stations on the coast 
and over the neighboring interior, similar to that between the sea and land in 
winter and summer, but of much less amount. 

The sea-breeze begins in the morning hours, from nine to eleven o^clock, as 
the land warms ; it brings in the pure cool air from the sea. In the late 
afternoon it dies away, and in the evening the land breeze springs up and 
blows gently out to sea till morning. This process is repeated with great 
regulariiy in the tropics, where there are few storms and the diurnal changes 
are the chief ones. In our latitudes, the land and sea breezes are often masked 
or overcome by the winds of cyclonic storms ; they appear only in the spring 
or summer, when the air over the land may become for some hours decidedly 
warmer than over the sea. The Seabreeze reduces the temperature on its 
arrival and prevents a high noon maximum; a thermograph often exhibits 
an early morning and a late afternoon maximum, with a moderate depression 
in the curve between the two during the blowing of the breeze, as appears in 
!Fig. 11. It thus diminishes the range and lowers the mean temperature on 
the coast. On tropical coasts, the sea breeze is the healthful wind ; the land 
breeze, often blowing from miasmatic swamps, is fever-laden, bearing the odors 
of the soil (Sect. 310). 

The changes of pressure of diurnal period on the Iberian peninsula may be 
here referred to, in continuation of the illustrations of annual variations of 
temperature and pressure already afforded by that region. The mean pressure 
for 9 A.M. for July, Fig. 42, exhibits a wealter system of centripetal gradients 
than appeal's for the mean of July, as given in Fig. 36; but the pressure 
for 3 p.M. for July, Fig. 43, shows gradients of greater value. In this 
case, we may therefore expect that the occurrence of the litoral Seabreeze 
of day-time is associated with an increase of the general inflow of the 
summer winds ; while in the early morning, before the temperature has risen, 
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the inflow must be weaker. A figure for nocturnal hours has not been prepared, 
for lack of observations ; it Avould ])robably show a further weakening of the 
inflow, witli an ofl-sliore gmdient around the coast. 

The land and sea breezes follow the local gradients closely when they 
begin; but as they are drawn in from a greater distance, they manifest a 
distinct tendency to deflection. If the sea breeze is easterly at first, it veers 



Fio. 42 (July, 0 a.h.), 


Pw. 48 (July, 8 P.H.), 


to southerly before fading away ; then the land breeze, coming first from the 
west, ve(»rH toward the north late at night. Tlius a systematic diurnal rotation 
of the wind is produced ; such veering breezes are locally known as “ round- 
abouts” on the coast of Massachusetts. The some change is well known 
elsewhere. It is often said : wo know the caith turns around, because the 
sun and stars risc^ and set. It might also lie said : wo know the earth turns 
around, iK^cause the trades and the westerlies blow obliquely, or because the 
land and h(ui breezes vein* in regular order. 

The average hourly diree.tion of the land and lake breeze at Chicago for 
July, 1882, Fig. 4*1, gives (*xeellent illustration of a regidar veering from the 
lake hre(*ze of afternoon into the land breeze at night, with a sudden reversal 
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of the latter into the former at noon. The sea breeze is felt earlier on low 
ground than on high ; tin* d(q)th of the breeze on our sea-coast may be roughly 
gauged from obsorvations made in a captive balloon at Coney Island, near 
New York ; th(^ average ehwation at which the cool inflow from the sea was 
exchanged for the overlying warm outflow from the laud was from five to six 
hundred feet. 
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161. The sea breeze begins off-shore. There is one peculiarity of the 
Seabreeze that deseryes mention^ as it does not appeal' in the oontiuental 
winds TThose period is so much longer than twenty-four hours. The sea breeze, 
as a rule, makes its first appearance off-shore and gradually beats its way to 
the land. It would appear at firat sight that its growth should bo in just tho 
other direction ; for when the pressure decreases over the land by the overflow 
of wanned air, there should be an immediate response from the adjacent lower 
air, which, it would seem, should at once flow in to the region of diminished 
pressure, and then gradually extend its area backwards to a greater and greater 
distance from the land. But such is not the case ; and the following explaua- 
tion has been offered by Seemann to account for the observed facts. The 
winds that have been thus far explained are examples of steady motion, in 
which a condition of equilibrium has been attained between the acceleiutiug 
force of gravity, the deflective force of the earth's rotation and the resistanco 


of friction (Sect. 94). Let us suppose for a moment that in the case of the 
land and sea breeze, the change of temperature in the air over the land is 
immediate, warming at once at sunrise and cooling as quickly at sunset. There 
would manifestly be a time following these abrupt changes in which the 
circ^ation of the air was not adjusted to the gradients offered to it. The 
rapid expansion of tho air on the groxmd could not wait for the ovei*flow of 
the air from above it, but would at once demand and secure moi'e space for 
itself by expanding laterally to seaward, where the air is cool and its expansive 
force relatively weak. But as the upper air flows away and relieves tho lower 
air from its constraint, the conditions of ordinary convectional circulation 
g^ually appear. These conditions will be established first a short distiuice 
from the shore where the overflow from the land accumulates, and will tnudii- 
ally make their way to the land. 


The case has not^the immediate changes of temperature here 

suppose^ but It may be presumed that the rate of warming of the air on the 
land 18 for a time m the morning so rapid that the expansion of the aii- keeps 
in adva^e of the by which it ia accommodated ; and as long as the 

gradients, steady motion 

c^not he re^ed. A reaction, such as the pressure of the land air toward 

£!r^Sn +^"1 f gradients and the rate of motion on them are 

mcreasmg; the de% m the estahUshment of the sea breeze and its first 

^ ascribed to this reaction. A reported increased 
s^ngth and high temperature of the tropical land-breeze in the morning iust 
before the sea breeze sets m, is confirmatory of this theory. ^ 
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The westerly wind that prevails in Ohio in summer is deflected in the neigh- 
borhood of Lake Erie into a northwesterly wind by day and a southwesterly 
wind by night, because of the contrasts of temperature on either side of the 
shore-line, which lies about pai’allel to the course of the general wind. On 
the northern coast of Long Island Sound, in fine summer weather, the wind 
generally comes from the west, but shifts from northerly at suni-ise to southerly 
at noon. On the coasts of California and Chile, the prevailing west wind is 
intensified in summer time into a moderate giilo by day and retarded to a calm 
or even reversed to a light land breeze by night. The east coasts in the trade- 
wind belt show a similar variation in the strength of their winds. 

163. Mountain and valley breezes. The seasonal and diurnal winds that 
have been considered thus far would appear on a level eai’th. There remains 
a class of breezes of diurnal period whose opportunity depends on the 
unevenness of the land surface. These are felt in valleys at night, blowing 
down stream and incroasiug to a brisk gale where a large valley emerges on an 
open plain ; and on the liigher niouiitiun sides by day, blowing up the slope, 
but with less velocity than is attained by the conctmtrated nocturnal down- 
flow. 

The explanation of the nocturnal mountjiin breeze is not far to seek. It 
results simply (mougli fi*om the faster cooling of the surface stratum of air 
that has already often been referred to ; when the cool and therefore heavy 
stratum lies on a slope, it causes dosoending currents. If the fonn of the 
surface coiKicntrah^s this aOrial draiiiagt* from a large upland region into a 
narrow valley outlet, a mountain breeze of some violence will appear in its 



lower course. The up-stream viUlo.y breeze of day-time may be explained Ets 
follows : Let ABGDE^ Fig. 45, bo the cross-section of a valley, in which the 
morning air lic^s (pilot, with hwid isoliaric surfoci^s, such as AGE. As the day 
advances and the lower air, warms, it expands and lifts the overlying 

air bodily. The greater ])art of the isobar will bo evenly lifted by the amonnt 
of the ex])anHiuii in tlu'. air near the surface l>oneatlL it, and will be found at 
JKL; but towards the sides of the valley, where the isobar runs near the 
ground, the lifting that it suFFers is less, and at the ])oints A and J^its position 
remains uncliangcid. At eitlu^r side of the valley faint gradients, JA and LE^ 
are thus formed, on which the air is urged towoi’ds the slopes, and tliere, by 
reaction with the ground, an up-hill ourreut is formed. Ajs in the previous 
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case, it appears with greater strength where the form of tint Hurfaoiy (5i>nr.eu- 
tratea its flow, and hence is to he looked for in lateral vclloyH rathi^r than <»n 
the spurs between them. As the temperature of the asccmdiiig air is 
by expansion, the valley breezes that rise past a mouutaiu poak may roi;anl 
diurnal rise of temperature, as seems to appear in Fig. 12, b. 

Fragmentary accounts of such winds are found iu the narmitivo^ oC n\ir 
western exploring expeditions, but they have not yot retuuvcicl the c.und^nl 
description that they deserve. They are doubtless to bo met witli in all par<NM 
of the western mountainous country ; the deep valleys loiuliug out from tho 
Sierra Nevada into the plain of California should show the iiocitiiriuil numnUiin 
breeze to perfection. In the Andes and the Himalaya tluiy arc wtdl known ; 
in the latter they are described as blowing up the volleys by day from iiiim 
o^olock iu the morning to on early hour in the evening j at night; they blow 
down again, and where the larger streams open out to the plaiiiM, iiwy atbiin 
some violence ; but on the high plateaus the nights are calm. 


In elevated valleys between snow-covered mountains the air lying on t.ht^ 
snowy alopes remains cold through the day, while 4e air on the valhiy gj-outnl 
is warmed ; in such oanes a cold, stormy descending ouwout is felt on tho hIojioh, 
and an aaeending current may be expected over the middle of tlm valluys. 
The lateral descending current hae been observed on tho high Bnow-linltlH of 
the Andes. On the other hand, when a valley is occupied by a gliMiior, tlio air 
near the ice is held at a low temperature, and may, even iu day-tiuu*, form 
a mountain breeze, which is ordinarily limited to tho night Ihwtaimlitig 
gl«^ breezes of this kind ate reported from the Muir glacier <if Ahwkiu 
m presence of mountains near a coast-line where tho land and soa \mm 

^ ^ additional causes of motion th.m- 

mto^ed. Even ^e great monsoon system of Asia is aided in tliis way, 
Asia being a land of great relief. ^ ' 


164. Mountain breezes and inversions of temperature. The nocturnal 

ohai-aotorizo clear weather 

on pl^s, where the wind falls to a calm in the evening. There can !«. 

t!»* l»nc«» o™ pl.fa. toipg uilr,o ,W t 

nearly all oases discover an of fa.Tn„»Jr„*„ ‘“buiw woum m 

iBoritod to li. 0 . 01 ., of tio tempmturo ipjoUml i.. l«.,ii 

tenaord moto^ppu^ fc^Se'oMrda'irM ““ 

Xri: 

«»« oii a. djiied .1. .. a„ ttoT 
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adjacent valley, and tliere aocmnnlates in much greater thickness than it 
would gain on level ground ; while the hill-tops contiiiuiilly receive a supply 
of unoooled air, settling on them from above, and retain a relatively high 
temperature. The marked contrast between the mild air of inidniglit on the 
hills and the chilly air in the valleys may often bo observed oven where the 
difference of level does not reach a hundred feet. 

In the cose of a strong mountain breeze issuing from a large valley out 
upon a brood plain, a somewhat different result may be expected, Ajb long as 
the descent of the breeze is slow, tho loss of ho.at by conduction and radiation 
to the ground may entirely overcome its tendency to an juliabatic increase of 
temperature by compression in des(icnt. If not counteracted, this would cause 
a rise of one degree for every 188 feet of descent. When tho descent is rapid, 
as in a breeze draining a large surface of mountain slopes, all converging to 
discharge by a single valley outlet, then the gain of heat by compression may 
appreciably decrease tho cooling of the breeze ; and as such a breeze issues 
from the valley-iuoiith to the jdain, it may be of higher temperature tlian that 
to whicli tho quiet air at the same level on tho plain some distaiuio away lias 
fallen. While this is in a measure only a theoreticwil deduction, it rocoives 
some conlirmation from an account of a western military station at tho foot of 
a mountain range where a valley opened to an ehwatcul jdain. Tho Inught of 
the jdain was too great for the successful growth of wheat ; but near the fort, 
by tho mouth of the valley, wln^at was safely harvested. Although tho 
observers there did not mention tho mountain breeze as the local safeguard 
against nocturnal frosts, it does not appear unlikely that such may have been 
the cose. 

166. Winds not yet classified. If the charts of tho average winds for 
January and ffuly are now examined, it will bo found that nearly all of the 
many directions that tho winds follow in one region or another may be explained 
by reference to some of tho foregoing paragraphs. Ihit if our daily weather- 
maps are examined, we may often see south winds in tho Mississippi 
valley in wint<ir, and north winds tluu*<% in summer, which find no explanation 
from the causes thus far considered. Tluur origin will be stated in the 
chapter on cyclonic storms : but (is these storms are always accompanied by 
clouds and rain, some acc.ount of tho moisture of tho atmosphere must be next 
introduced. 
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CHAPTER VIIL 

THE MOISTURE 07 THE ATMOSPHERE. 

166. Evaporation. The presence of a water surface over threo-fourtlis of 
the earth insures a continual supply of water vapor for the atmo 8 i)hftrc ; while 
the interruption of the ocean surface by continents and the great variations of 
temperature in time and place require that the quantity of vapor in the 
atmosphere shall continually vary. To appreciate its changes we luiiKt 
examine the process of evaporation ; the distribution of the vapor through th(>. 
atmosphere 5 and the prooe 8 B.es by which it may be condensed again into the 
liquid or solid state. 

The process of evaporation or the change from the solid or liquid to the 
gaseous state requires the expenditure of a large amount of energy. Lique- 
faction or the change from the solid to the liquid state also requires a 
considerable supply of energy, but with this process we are not so niiieh 
concerned. The melting of ice and snow must be duly considered, but the 
evaporation of water is of greater importance in meteorology. 

It is supposed that the energy needed in evaporation of water is expended 
in overcoming the attraction that exists between the molecules while the wiiti^r 
is in the liquid state. The supply of energy to do this hidden work ()ft(»ii 
comes from the sensible heat of some adjacent substanoe. When water 
evaporates from the sea or from a lake or river or from the wet surfjice of the 
land, the energy needed to change its state may be derived in port from the 
heat of the adjahent water or land i but in the usual case of evaporation 
proceeding under sunshine, it is supposed that the energy of insolation may 
pass directly to the work of overcoming the intermoleoulai* attractions of the 
water and thus changing it to the gaseous state, without taking the intermediate 
form of heat. This is Ulustiated in the ordinary experience of a drying day 
after a rainstorm. The surface of the land, everywhere wet from the rain that 
fell ^m the douds of the day before, is then shone upon by the sun’s direct 
and indirect rays from the clear sky. Instead, however, of there being a rapid 
rise of temperature, there is a rapid drying of the ground; the energy of 
insolation received upon the surface of the ground is expended in changing the 
state of the water more than in increasing the molecular activity of tlie 
ground or of the water. In the same way, the strong insolation absorbed at 
the surf^ of the torrid oceans is devoted more to causing evaporation than to 
raising the temperature of the water ; hence in good pai-t for tliis reason the 
oceans around the equator are relatively cool. 
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Water vapor is lighter than the other gases of the atmosphere. The weight 
of a cubic foot of vapor at a given temperature and under a given pressure is 
only 0.630 of the weight of the same volume of air under the same conditions. 
A cubic foot of moist air is therefore lighter than a cubic foot of dry air at the 
same temperature and pressure ; but when water evaporates into a given 
volume of air, the weight of the mixture and its expansive force are both 
increased by the presence of the vapor. As vapor is formed from a wet 
surface; it spontaneously but rather slowly mixes with tlie air ; this process 
being called diffusion. The distribution of vapor through the atmosphere is, 
however, chiefly controlled by the movement of the air in its local and general 
circulations. 

167. Latent heat. The energy required to change a substance from the 
solid to the liquid state, or from the liquid to the gaseous state, is called Uitmt 
heat. This tenn is essentially a misnomer. It was introduced into the science 
of physics at a time when very different ideiw conceniing the nature of heat 
prevailed from those that are now cuiTent. It was then thought that heat 
was an imponderable form of matter, and that this imiionderable matter had to 
enter any liquid, tis water for example, in the process of evaporation ; but os 
evaporation is not attended necessarily by a rise of tempo mtiirc, the heat thus 
entering the water was said to become latmit. As now understood, heat is not 
a form of matter, but a condition of matter, and latent heat is not luiat, but is 
8imi)ly the energy needed to overcome the intermolecuilar attractions of tlie 
eva])orating Hubstiuuie; yet tlu^ name', htmit haaU is still universally employed. 
The student must be eanjfiil to avoid kung misled by its apparent meaning. 
It is simply a spt^cial name for the energy, from whatever source, expended 
in a ccrtiiin task ; its addition does not cause any (duinge of ttnnpcrature 
whatever. 

The amount of energy recpiircd to melt a i)ound of ice at 32® woidd raise a 
pound of water from 32® to 172®. If a pound of fresh snow at a temperature 
of 32® were ])la(M»(l in a pound of water at 172®, the resulting two pounds of 
water woidd have a t(^m])eratu^^ of 32®. Hence the latent heat of liquefaction 
of a pound of ie.e is ecpial to 140 units of heat, — a unit of heat being the 
amount needed to raise the temp(»rature of a pound of water one degree ITahr. 
Th(» importaiKic of this in (explaining the low polar temperatures in summer 
under a strong supply of insolation has already b(‘en referred to in Section 91. 

The amount of heat r(‘(jnired to ova])orate a pound of water is much 

gr(»ater than that re(|uired to melt a ])ound of ice. About a tliousand units of 
heat are needed to transform a pound of water into a pound of vapor; the 
precise amount varying with the temperature at which evaporation takes 

place. At 32® it is 1092 units ; at 212® it is 966. The latent heat of water 

vapor is therefore very high. 
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With this in miad, ve may reoaJl the small diurnal change of temperature 
in the surface waters of the ocean. Even under the strong shining of on 
eq.uatorial sun, the surface of the sea in the torrid zone warns but two or 
three degrees from night to day, while land surfaces in the some latitude may- 
warm by twenty or thiity degrees. The share of insolation that is absorbed 
at the ocean surface goes for the most part, not to exciting tlie molecules of 
the water to faster motion, that is, to heating the water, but to the other task 
of changing the state of the water from liquid to gas, that is, to supplying 
the latent heat needed for evaporation from the water surface. 

168» Capacity. The quantity of vapor that can exist in the air depends 
upon the pressure that is exerted upon it and upon its temperature ; but it is 
important to notice that the controllin g pressure is only that which is exerted, 
by the vapor itself, and not by other gsses with which it may be mixed. 
Thus at a certain temperature, as 80®, such as occurs frequently in tlie lower* 
air over the torrid oceans, the vapor noay increase in quantity until its 
expansive force equals about one inch of barometric pressure. If the total 
pressure is then thirty inches, the expansive force of the lower air with wliioli 
the vapor is mixed will be twenty-nine inches. Hence, although the tempera- 
ture of the air determines the temperature of the vapor and thus controls its 
amount, the pressure of the air has no effect in determining the quantity of 
vapor that may be formed, although it is important in diminishing the rate of 
evaporation, because it retards the rate of diffusion through the air. It is as 
if the molecules of the other gases of the atmosphere acted only as so many 
obstacles which the molecules escaping from the water surface liad to pass by ; 
for the totsl quantity of vapor that could be formed at a temperature of 80® 
would be just as great if the air were absent as in its presence. Inasmuoli, 
however, as the air, into which evaporation proceeds, in nearly all cases deter- 
mines the temperature of the vapor, it is natural and usual to speak of the 
oapaoiiy of the air for vapor. This is really a misleading expression, like 
many others inherited by science to-day from earlier years, but its convenience 
warrants its adoption. 

169, Saturation. When the full capacity of a given volume of air for 
vapor has been reached, the air is said to be scOurated with vapor. A more 
oareful statement of this condition would be given in the phi^ase, the vapor is 
saturated ; for it is believed that, if any additional evaporation should take 
place under such conditions, some of the preexistent vapor must return to the 
liquid state. This phrase, however, is seldom employed; it is suMcient to 
say that the air is saturated. This state is therefore spoken of as saturation. 

The capacity of air for vapor increases rapidly with rise of temperature. 
At a temperature of zero, Eahrenheit, the expansive force of the greatest 
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quantity of vapor tliat can then exist can be no more than 0.04 inch; at 
freezing it is 0.19 inch; at 90®, 1.41. The following tables exhibit this 
relation more fully, and add also the maximum weight of vapor in groins per 
cubic foot, and in grams per cubic meter, at various tomperdtures ; and tlie 
weight of a cubic foot of saturated air under a pressure of 30 inches. 


Pebssuuk and WifiiaiiT ok Vapoh and Saturatrd Air. 


Tsupkhatiikk. 

•A*. 

VaEM>K PllKHHUKK. 

1 

Inches. 

Vaimhi Wkioiit, 

On. Ft. 

GrrUna. 

Hat. Aik Weioitt, 
Cu. Ft. 

Grains* 

. -30® 

0.()1U 

0.12 


-20 

.017 

0.21 

034 

-10 

.028 

0.36 

020 

0 

.046 

0.64 

000 

+ 10 

.071 

0.84 

603 

20 

.110 

1.30 

680 

30 

.100 

1.07 

608 

40 

.240 

2.80 

660 

60 


4. (It) 

644 

00 

.617 

6.70 

633 

70 

0.732 

7.t«) 

621 

80 

1.022 

10.06 

6<l() 

1)0 

1.408 

14.81 

407 

+ 100 

1.010 

10.70 

487 

TKMI’EIIATURB. 

Va1H>K PllKHHUUK, 

Vaikhi Wkuhit, 

(^IT. Mkt. 

Hat. Air Weight, 
Cu. Met. 

•r. 

mm 

(frtimH. 

KUcyr* 

— 30® 

o.:)K 

0.14 

1.46 

— 20 

0.04 

1.0-4 

1.40 

-10 

2.16 

2. 28 

1.36 

0 

4.67 

4.87 

1.30 

+ 10 

0.14 

o.:m 

1.26 

20 

17.30 

17.16 

1.20 

30 

31.61 

ilO.OK 

1.16 

+ 40 

64.87 

60.07 

1.11 


A room nu^iiHuriiig twenty loot sfiuoro by t<ui feet high would contain 
4,000 cubic feet of air. If it were saturated with vapor at a temperature 
of GO®, the weight of the moist air would be 304 pomids avoirdupois; 
and the vai)or would weigh 3.3 pounds. If all the vapor were condensed, 
it would produce 91.4 cubic inches of water, or somewhat more than three 
pints. 
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It is important to notioe that the inoreajse of capooily is much, faster at 
lligh temperatures than at low temperatures. In a nse of temperature from 
—■10° to 0°, the increase is only 0.19 grain per cubic foot ; from 30° to 40°, 
the increase is 0.89 grain per cubic foot ; from 80° to 90°, the increase is 3.86 
grains, or more than twenty times os much as in the first and four times as 
much as in the second example. At ordinary temperatures, the capacity 
doubles for a rise of about 18° in temperature. 

170. Humidity. The state of the air with respect to the vapor that it 
contains is oaHed its humidity : the humidity is said to be high when the air 
is damp, and low when the air is dry. It is commonly the case that the air 
over the land does not possess as much vapor as it might, but on cool, damp 
nights the air near the ground is often saturated. This is not because more 
vapor is present then than in the day-time, but because of the fall of tempersr 
ture from day to night, by which the capacity of the air is reduced so far that 
the amount of vapor already present saturates the air. On the ocean, particu- 
larly in the calms of the doldrums, the air is nearly saturated all the year round. 
This is because the inflowing trades, blowing over the warm surface of the 
ocean and wanning slowly as they advance from either side, are continually 
supplied with vapor, so as to maintain them in an almost saturated condition. 
While loitering in the doldrums, their vapor is even more increased. Even 
the slight cooling of the air over the equatorial ocean at night is therefore 
sufficient to make it excessively damp. On the other hand, in desert regions 
the supply of moisture is so small that the quantity of vapor present is far 
from satisfying the capacity of the air. There is very little present compared 
to that which might exist ; tlie air is then relatively dry. The some condition 
occurs frequently in our cold northwest winds of winter. These come from a 
northern intenor region, where their temperature is very low, and where but 
little moisture is present. They tihen advance rapidly into milder latitudes, 
warming as they come, but coming so quickly that their increasing capacity 
for vapor is not satisfied. They frequently do not contain half as much vapor 
as they might, and sometimes this fraction faUs as low as a third. The upper 
regions of the atmosphere are also found to he prevailingly dry. This seems 
to be the case even over the ocean, and must be regarded as the result of the 
remoteness of the great volume of the atmosphere from the ocean surface, and 
of the obstruction that the air presents to the upward diffusion of vapor. 

The humidity of the atmosphere exeroises a strong control over our bodily 
sensation of the temperature of the air. The body does not act like a 
thermometer, readily accepting the temperature of the surrounding medium, 
but attempts to maintain an internal temperature of about 98°, known as 
“blood heat,” at nil seasons. We prevent an uncomfortable reduction of 
temperature in cold air by sheltering the body from loss of heat by a covering 
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of clothing ; if the air is windy, more protection is needed than when it is 
calm ; if it is damp as well as cold and windy, it abstracts all the more heat 
from ns, probably by means of the better conductivity given both to the air 
and to the clothing by the moisture 5 hence the difference between the bracing 
though severe cold of our dry noi*thwost winter winds, and the penetrating, 
searching chill of our damp winter northeasters. ^ The difference between the 
so-called “ dry cold ” of the interior and the “ damp cold ” of the Now England 
coast is thus explained. On the otlmr hand, when the air is warm, our bodily 
temperature would rise too high if it were not for the cooling of the skin by 
continual evaporation from its surface. In veiy hot and very dry air, the 
evaporation is so much hastened that the skin is parched and biinied ; in hot 
and very damp air, evaporation is checked and the air feels sultry and oppres- 
sive. Moderately dry hot air is less uncomfortable than at either of the 
extremes of dryness or diuni)ne 8 s. The o])presBiveness of our “dog-day” 
woatlier in July and August depends as much on its liuinidity as on its heat. 

The lU'.tinn of water va])or on insulation and terrestrial radiation Inis been 
much discussed. Some have regarded it as diathennanous to insolation, but 
relativ(dy opaejue to terrestrial radiation, and havti therefore attributed to it a 
controlling influence) in determining tlie tcuiiperature of the atmosphere. More 
careful ex]K»rimeiits have, ho woven*, shown that water in tln^ tiiily vapoi*oufl 
state is as diuth(n*manous os ])ure dry air to terrestrial radiation 5 and tluit it 
is only water in the liquid state that exeHs a strong ('.ontrol over rtuliation 
from the earth. Tliis a])])oar 8 to be e()nlirnn*(l by ol)S(n*vations on the diuinal 
range of teinp(n*atur(^ under varying conditions of liuiniclity. FF the teiiii)oi*a- 
ture of tli(^ air is W(dl above saturation, the ranges is ndatively strong; if near 
saturation, the range is diminished even though no visible clouding of the sky 
occurs ; if a thin, hazy cloud is formed, the range is greatly reduced. 

171. Absolute and relative humidity. In ord(n* to nuMisure the relative 
dryness or daininictss of the air, it is enstomary to det<u'mine tlie ratio of 
the lunount of vapor m'.tiially })res(mt to that whie.h might be ]mtsont at the 
lixistiiig tem])erature. The amount of vapor imtually pnwmt is eallod tlio 
aholuUt himUUfy, This may b(^ (ixj)r(WH(Ml (utlu^r in tlu^ (^x])anflive force that 
the vapor (‘xerts or in its w(dght in grains [xu* eaibie. foot of air. The absolute 
humidity divhhul by tlu^ amount of va])or that might (?xist if the air were 
Hatur!it(*d gives a ratio that is c-alhul tlu^ humMlty* Close over the 

oc(»au surbwe, tli(» relative humidity is gmuu'ally ov(U* ])er (^eiit, and may 
reach, at night, 100 p(?r cent ; that is, tlu^ (ionditioii of saturation. In our dry 
winter weather, tlui redative humidity may fall Ixdow fiO per c.ent, and Hom(^ 
tim(»B as low Jis 40 (jr cv(ui ])<*r (xmt. In desei*ts, 20 ])er cent is not 
uncommon ; and at noon-time, wlum tlui rajud rise of temperature gives the 
air a greatly increased ea])tuuty for vapor which oannot be satisfied, the relative 
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Imiiiidity may fall to 10 per cent ; indeed, cases are reported •where it is even 
less than three per cent ; but in such remarkable examples it is possible that 
the means of determining the percentage of humidity have been at fault. 

An amount of vapor sufSicient to cause a high relative humidity at a low 
temperature would cause only a low relative humidity at a high temperature. 
An amount of vapor that is sufficient to produce only about 25 iier cent 
relative humidity at a temperature of 80® will suffice to saturate tlie air when 
its temperature falls to 40®. With a given absolute humidity, the relative 
humidity will fall as the temperature rises, and vice versa : as the air worms 
during the morning, the relative humidity falls, but towards sunset when the 
air cools, the relative humidity rises again. 

172. Dew-point. When the air is cooling from noon-day heat to evening 
cold, its capacity for vapor is continually decreasing. At noon-time, the 
amount of vapor present seldom satisfies the capacity, and the air then 
commonly has with us a relative humidity of fifty to eighty per cent; but 
:with the afternoon fall of temj^erature and decrease of cajjacity, the vapor 
present approaclies and finally reaches the stage of saturation ; the temperature 
is then said to have fallen to the dew-point. Any further cooling will cause 
condensation and produce cloud, fog, dew or frost. The difference between 
the temperature of the air and the dew-point is colled the complement of the 
‘dew-point. To this subject we shall return after a consideration of the 
measurement and distribution of the humidity of the atmosphere. 

173. -Amotuit of evaporation. This section of our subject is sometimes 
called atmidometry. The amount of water passing into the atmosphere by 
evaporation varies greatly in different places, according to the temperature 
and humidity of the air, the strength of the wind, and the character of the 
water surface. Evaporation from surfaces whose temperature is the same as 
that of the air is retarded in the presence of damp air ; but os free water 
surfaces are at night generally warmer than the air that is resting on them, 
their evaporation continues at about the same rate as during the warmer hours 
of the day, in spite of the dampness of the night air. Evaporation is slow in 
the quiet shaded air of a forest ; it is small but does not cease in the cold dry 
air of dear winter weather ; even snow and ice may yield vapor to the air in 
cold weather without melting. 

Evaporation may proceed abnost continuously from a free water surface, 
except at times of rain, Erom ordinary land surfaces, the vapor passes off 
rapicUy after a rain, but its production soon decreases as the surface dries ; 
furtlier supply then depends on the capillary ascent of water from beneath the 
surface ; this practically ceases during a drought when the ground is dried to a 
considerable^ depth and its surface is parched and hard. Evaporation from the 
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ground is inoreased by plowing or otherwise breaking up its surface. Plants 
exude water from their leaves in the growing season ; deei>-rooted trees and 
grasses bring a large amount of ground water up to the air in this way. 
Evaporation is active from high mountain sui*faoes in dear weather in spite 
of ikeir low temperature, because of the open exposure of their surface to the 
dry and active currents of the upper atmosphere. 

The amount of evaporation that may take place from a free water surface 
oontinually exposed to the air has been determined for various parts of the 
world. The measures are not dosely comparable, because they oome in some 
oases from the loss by evaporation from large reservoirs, in which the 
temperature of the water may differ from that of the air and thus exercise 
a large control on its evaporation ; and in other oases they are determined by 
the loss from comparatively a small volume of water in a shallow vessel, 
whose temperature may follow that of the air within a few degrees. The 
former method is more useful in connection with engineering works, such as 
reservoirs for supplying cities, or for storing water to be used in irrigation- 
At inland stations of dry regions the amount thus determined does not* 
correspond to any natural quantity, but in the neighborhood of the sea or of 
large hikes it servos to measure roughly the amount of water that passes 
from tlieir surfivce into the atmosphere. At stations near the continental 
coasts the amount of evaporation is generally a little less than the AnTmal 
rainfall ; but there must be many local exceptions to this rule. The records 
for a number of stations are here given ; those for our western interior basins 
are general averages. 

Annual Kvapokatton feom Fkbk Water Surpacbs in Inohbs. 


Plack. 

Latitude. 

BVAPORATION. 

Hadnu 

. . 13 N. 

01.2 

St. lluluim 

17 S. 

83.8 

Dijon, Knmeo 

47 N. 

20.2 

Lfondon ....... 

61 N. 

20.0 

Boston 

42 N. 

39.1 

Jjako Mhdilgtvn .... 

44 N. 

22.- 

Great Salt Lako .... 

41 N. 

80.- 

luturlor Uasin, U. S. . . 

. . 8(1 N. 

160.- 

Interior Basin, U. S. . . 

44 N. 

00.- 

Ft. Coiiffor 

82 N. 

8.0 


174. Hygrometry. Hygrometers ore instruments for measuring the 
humidity of .the air. The simplest instruments of this kind employ some 
liygroscopic substance, — that is, one which easily absorbs moisture from 
damp air, — such as a hair from which the natural oil has been extracted by 
placing it in an alfcfiline solution. The hair is fastened at one end, passed over 
an easily rotating cylinder, and held tense by a weight or spring at the other 
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end. The cylinder carries an index at one end whioli moves over a dial* 
“When the air is damp, the hair absorbs moisture and increases in length : the 
'Cylinder is thus turned and the index moves upon the dial. Wlieii tli(» aii* 
becomes dryer, moisture passes from tlie hair and it slioitena, when tho 
cylinder and the index turn the other way. This instrnimmt is (Misily 
constructed and serves to give a general indication of the moisture of 
the atmosphere. It is not, however, employed in accurate iiuMisuronunitH, 
except at temperatures near freezing, when its records are to bo ])roforr(id to 
those of the psychrometer, described in the next section. 

A very simple means of determining the dew-point in jvir at ordimiry 
summer temperatures and thus, by means of physical tables, determining tlio 
absolute and relative humidiiy of the atmosphere, is as follows : A shining 
tin cup about half full of water at the temperature of the air receives 
additional water poured in slowly from an ice-pitcher. A thermometer tul)e, 
used as a stirring rod, mixes the cool with tlie warm water and coiitiuiuilly 
indicates the temperature of the mixture. As the temperature of tho mixtuiH^ 
is decreased, a sudden douding of the bright snrfmjo of tho (mp will be 
noticed, and if the thermometer is then read it indiotites closcdy the tenii)in*ar 
ture of saturation, or the dew-point of the surrounding air. It means that 
the cup and the air next to it have been cooled a little below the tennporaturo 
at which the existing vapor saturates the air. lly means of tlu^ tables in the 
next section, the weight of saturated vapor in grains per mhm foot may bo 
determined for the temperature of the dew-point. The weight of va]K>i‘ jxir 
cubic foot at the temperature of the air will be sonunvliat less, and must l)o 
calculated from the known rate of expansion of vapor with iiie.resise of 
temperature. This calculated quantity divided by tho weight of a oubici fr>ot 
of saturated vapor at the temperature of the air, also taken from tln^ tiible 
on page 160, gives the relative humidity for the tiling of obsorvjition. 'riiis 
method serves nicely to illustrate the meaning of dew-point and saturation, 
and may often be employed in the summer time ; but quite anotlnu- nu^thod is 
adopted for routine observations. 

176. The psychrometer. This instrument is in general use for tho dc^tor- 
mination of humidity ; observations being taken at tho usual hours Ibr n^^iords 
of temp^ature. It depends upon the facts that os saturation is a]>i)roa(iho(l, 
evaporation goes on more and more slowly, and that rapid ovaporation (uills 
for much more heat from the adjacent surface than slow evaporation. Two 
thermometers are exposed to the air, arranged as in Fig. 4(J ; one is tho 
ordinary thermometer used for determining the temperature of tho air ; tlio 
bulb of the other thermometer is covered with a thin linen bag, kept moist 
by a wick which connects it with a vessel of water near by. When tho air 
IS saturated with moisture, no evaporation will take place from the wet 
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bulb thermometer, and hence it will read the same number of degrees as 
its neighbor ; but in dry air, evaporation will take place so rapidly from the 


moist surface of the bulb os to inaiiitaiii its tmu> 
perature aeveitd degrees lower than that indicated 
for the air by the other thermometer. Tlie differ- 
ence between the dry and the wet bulb may them 
be used with tables constructed from laboratory 
experiments to dettn'inine several quantities de- 
sired ; the dew-point, the relative and the absolute 
humidity. The chief difficulty in using tlio 
psychrometor oonsists in dottn-mining the proper 
reading of the wet bulb thermometer, on smeount 
of the imeven movement of tin*, surrounding air. 
Under given conditions of humidity, if the air 
is stagnant, evaporation from the wot bulb may 
cause an ai)proach to saturation in the air close 
about it. Ifurther evaporation is thus retarded, 
and the depression of tho w<^t bulb roiuling is 
reduced. On tho other hand, when the atmosphere 
is of tho same humidity as b(fforo, hut is in active 
motion, fn^sli bodies of air are continually carried 
post tll(^ wet bull) 5 cvai)()rati()n is muc.h more 
active, and tho depression of tho wet bulb r(»ading 




is de(ndt‘dly inereascul. It is for this rc*iison that some 
standard rate of air-inoveiiKuit ])jist tlu' jisycliroiimter should 
1 mi inainfeiined. This is H()metimes iiccomplislied by c-rcating 
an ai-tilhual draft by means of a fan drivmi at a constant 
speed by c.loekwork. A simpler and imieh e.hiMiper motliod 
(•.onsists in attiudiing tin*. psyt*liroinet(*r to a string a few feet 
long (Kig. 47), and wliirling it, at a veloe.ity of twelve or 
fifteen fec't a second, around tin*, band. Tliis must be cou- 
tiniuul ill the open air iiuhil a constant dilTeremiO is luaiu- 
taiiicd betwiMui Lh(>. Headings of the iw«) thormomet(*rs. 
Results oblaiiK^d in this way are regarded as trustwoi*thy, 
although ev(*u at b(^st tlio measun*s of humidity are of 
relatively loc-al value*. At teinp(*ratures near the freezing 
j)oint, tin* imlic-atioiis of the hair hygrometer are thought to 
be more imeuirati) than those of the ])Hy(dironieter. 

Tlu^ following table, takim from a inueli more extend(*d 
one by Ila/en, is ada])tiul to the readings of a whirled 
psyohrometer. It givc»H tlu^ dew-point and the relative 
humidity for different air tinuperatnres and for vai'ious 
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differences between the whirled dry and wet thermometers ; it may be used 
as giying a general indication of the values of these quantities at altitudes 
less than 3,000 feet. More extended tables should be employed in reducing 
regular observations. 


Tbhperaturb of Air — FAHRENnEiT. 
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176. Distribution of vapor in the atmosphere. Vapor is distributed 
through the atmosphere by two processes. One of these is the spontaneous. 
diffusion of vapor, even when the air is calm. It is probably in great part by 
this process, aided- by the increased expansive force of the newly added vapor), 
that the water evaporated from the torrid oceans in the ofiJm morning air of 
the doldrums is prompted to ascend to higher levels and form douds in the 
afternoon. Diffusion, however, is a slow process compared to the distribution 
of vapor by the movement and intermingling of the air ; and as the general 
circulation of the atmosphere is continually maintained in a thorough manner,. 
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the vapor that is formed in one port of the world is gradually carried hundreds 
of miles away. Were it not for the various processes by which the vapor is 
condensed to the liciuid or solid state again, the atmosphere would have long 
ago become completely saturated. But the limitation of evaporation diiefly 
to the under surface of the atmosphere where it rests on the oceans, coupled 
with the various means of condensation, generally prevents the occurrence of 
saturation through the gi*eat body of the atmosi)hor(i ; and in continental 
interiors, far from the great oceans, as well as in the lofty atmosphere high 
above sea-level, the air is prevailingly dry. 

177. Geographic and periodic variations of absolute humidity. The 
quantity of vapor in the lower air in the doldrums over the oceans is on the 
average greater than elsewhere in the world, because of the intensity of 
insolation, the presence of a water surface, and the quietness of the air. It is 
constantly near the value of saturation. In the trade wind belts on either 
side of the doldrums, the vapor is of somewhat less quantity ; not so much on 
account of their lower temperature, as from their continual motion, whereby 
the moist lower currents are mixed with the next overlying and drier currents. 
Ill th(i horse latitudes, still lower measures of himiidity are foimd, partly by 
reason of the l()W(»r temiiorature, partly because of the gentle downward settling 
of the air in those bolts from high levels where the humidity is small. They 
are thus in strong (sontrast to the doldrums. In pjissing poleward through the 
prevalent vvcstcu-ly winds, the absolute humidity falls oh tho temperature 
decreases and in th<» ]K)lar regions its amount is very small compared with 
that of tlii^ torrid zone. 

On the lauds, tho ahsolnto Immidity varies first with tho provjiiling 
temperatures, socoiid with the distiuice from tlui ocemns from which tho 
prevailing winds blow, third with tho degree of (melosuro by inountaiufl, and 
fourth with altitude above sea-levcd. The Ibrcmtcd lowlands of tho Amazon 
possess damp winds fiowiiig in from th(^ moist regions of tho torrid Athuitio. 
The north wimt ('.oasts of Kurope and North Anun'ica have i marly as high an 
amount of vapor as tlmir tiuiquu’ature.s will allow in wiiitcn*, when their winds 
conui from tln^ warnuu* (iiirreiits of the oc-eans next westward. The interior of 
Eurojm and the lowlands of western Asia hav(^ ])rogrnHHively less and less 
humidity, bemuse the vapor brought from the Atlantio has been in part 
abstracted on tht» way by ('.ondensation, and the. rest has Iwen mixed with diyer 
up])or winds. Our far north wc^sten'u plains, whoso winds come chiefly 
from tlui west, have low humidity, not only l)e.(«inse they are far inland feom 
tho racilie, hut also because, of the mountain barriers to windward; for 
moimtaiiiB are very eiT(^ctiv(^ in abstracting vapor from the air. The gi*oater 
part of our iiite.ri(»r luisin is a desc^rt, in spite of its moderate distance from 
the ocean, l)ocauHC of the great height to which the Siewa Nevada rises 
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between it and the Pacific. The interior depression of Asia, enclosed on all 
aides by lofty moxmtains, is an arid waste because so great a share of the vapor 
in the winds that approach it has been left on the outer slopes of the ranges. 

The quantity of vapor in the upper air is small ; it rapidly diminishes as 
one ascends to greater and greater altitudes. Even in regions where the lower 
air is well supplied with vapor, the upper strata possess very little. This is 
partly due to the low temperature at great heights ; but it depends also on the 
small ratio of the evaporating surface of the ocean to the voliune of the air, 
and on the slowness with which vapor spreads by diffusion through the oil'. 
When the pressure of vapor at sea level is one inch, or one thirtieth of the 
total pressure of the atmosphere, it cannot be inferred that the vapor present 
at high levels exerts the same share of the pressure there experienced. If a 
perfect calm prevailed, such a condition might be approached, but numerous 
• observations in the moving atmosphere on mountains and in balloons have 
shown that the decrease of vapor pressure upwards is much faster than the 
value of vapor pressure at sea level would indicate. The density of the vapor 
in the lower air is maintained, not only by the pressure of the vapor above 
it, but also by the resistance that the atmosphere opposes to the free upward 
diffusion of vapor from the lower strata. 

The amount of vapor in the air is generally greater in the warmer season 
than in the colder. This is particularly the case in those regions where the 
warm season has inflowing winds from the sea, as in India. Tliere the summer 
monsoon is a warm, moist, vapor-bearing wind, while the winter monsoon is 
cooler and comparatively free from vapor. 

The average diurnal variations of the amount of vapor are small. The 
amount is somewhat greater by day than by night in regions where evaporation 
is hastened under sunshine ; but such changes are greatly exceeded by the 
accompanying unperiodic shifts of the winds, by which the air is brought over 
the observer from a new source. Thus our southerly warm winds bring a large 
amount of vapor from the Gbilf of Mexico and from the warm ocean waters 
near our southern Atlantic states ; while our cold northwesterly winds bring 
little vapor from the continental interior, as will be further explained in 
the chapter on Weather. 

178- Geographic and periodic variations of relative humidity. The 
variations of relative humidity are often unlike those of absolute liumidity. 
The warm doldrums have a high relative (83 per cent or more) and a liigli 
absolute humidity ; hence the air is sultry and oppressive. The trade winds 
over the ocean have a lower relative humidity (77 per cent) than the doldrums : 
on land, if they blow over a rising surface, they are moist ; but if they pass 
over lowlands, they are dry and the region is reduced to a desert. The quiet 
air of the horse latitudes is somewhat drier than that of the trades. The 
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westerly winds, with much lower absolute humidity than the trade winds, have 
a high relative humidity over the oceans (90 per cent or more), and in their 
stormy areas they ai’e saturated with vapor. A low relative as well os n low 
absolute humidity has often been recorded in the north polar regions. The 
upper air is relatively dry, as has been explained above. 

The periodic variations of relative humidity are as a rule the reverse of 
those of absolute humidity. In the warmer season, the capacity for vapor 
generally increases in a higher degree than the amount of vapor. Thus 
continental interiors are as a rule drier in summer and by day than in winter 
and by night. If observations are taken in rapid succeasiou through a day, 
the considerable variations that may be detected are often to be ascribed to 
oonveotional currents, by which masses of air from upper and lower levels are 
alternately carried past the observer. 

179. Effect of water vapor on the general circulation of the atmosphere. 

The prevailing excess of water vapor in the lower eqiuitorial atmosphere has a 
small effect in aiding the circulation of the general winds. Eecolling the 
greater ohistioity of vapor than of air, it follows that where vapor is in excess 
the isohario surfaces will bo held a little further apart than where it is 
deficiemt ; recalling further that the absolute humidity over the gi'eat oceanic 
surface of the world increases rapidly with the temperature, it follows that 
the diverg(uici^ of the isobaric surfaces already ex])lained as a eonsecpionce of 
high equatorial tmuperatiires (Section 111) will be a little further increased in 
oonsequoneo of the high equatorial value of tin) absolute humidity ; and that 
a similar oHsistjinec will be given to the continental winds of winter when the 
air over the oceans is nioister sis well as warmer than over the lands. This 
effoet is, however, insigniHeaiit when eompiu'ed with that of the equatorial and 
polar or the oceanic and continental contrasts of temperature. It may be 
coiiiideiitly asserU'd that if the earth luul no oceans, and hence no currents by 
which the (joiitnist betw(*eii torrid and frigid temperatures is reduced, the 
poleward toniiierature gnulients would be much stronger than wo find them ; 
and the gain in the velocity of the terrestrial eirculatioii thus produced 
woiihl much more tliaii e<)ni])ensate for the loss following the withdrawal of 
the aid now given by the mere ])reRen{?e of water vapor. 

It is imimi-bint to notice that as fur as wat(*r vapor acts on the circulation 
of the winds, the effect varies with the absolute and not with the relative 
humidity of the air. In H])ite of tlie liigli ndativo humidity of the damp and 
chilly atmosphere in liigh Houtliern latitudes and the apparent groat amount 
of vapor there present, the actual amount of vapor is much less than in the 
clear air of the warm trade winds. It is therefore inadmissible to ascribe the 
low Antarctic pressures to the presence of water vapor, os some have done. 
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CHAPTER IX. 

DEW, FBOST AND OLO0DS. 

180, Condensation. The natural piooesses of condensation of tlio wator 
Tapor in the atmosphere all depend on a decrease of toinporaturo. It is 
possible in the laboratory to produce condensation by the coiupresaiou of 
moist air^ the temperature in the meantime being maintained at a ccnistfuit 
value; but this process has practically no application in meteorology; for 
when air containing vapor is compressed, as in a descending mirront, the 
diminution of capacity resulting from decrease of volume is more tlnin uuule 
up by the increase of capacity resulting from increase of temperature ; tuul 
descending currents for this reason soon become diy. 

Condensation as a result of cooling the air has already been briefly referred 
to in Section 172. Any mass of air containing vapor will, if cooled siifliciently, 
be reduced to the dew-point, and if the cooling then proceeds furtlier, progres- 
sive condensation will accompany it. If condensation occurs at teniperaturc^s 
above 32®, the product will be water ; if below 32®, it will bo ice in the form 
of frost, snow or hail. 

181. Condensation from quiet air on cold surfaces. There are various 
processes by which the temperature of the air is cooled to the point of (ton- 
densation. One of the simplest of these is illustrated in tlie cooling that 
accompanies the diurnal changes of temperature in the atmosphere. Tln^H(^ 
have been already explained to be small in the upper air and greatest n(»ur tins 
ground, and the latter occurrence will therefore be first considered. As the 
temperature rises in the morning, any moist surface rapidly yields its vajior 
to the warming air. As a rule, however, the increase of teinpcrnture goes on 
so rapidly that the supply of vapor* does not cause saturation. During the 
morning hours, even though the absolute humidity increases slightly, the 
relative humidity quickly falls. During the first hours of the iirtcmioon, if 
evaporation continue from the warmed ground into the warm air, tli<^ ahsoluto 
humidity still increases slowly, but at this time the temperature is falling and 
the capacity of the atmosphere for vapor is thereby decreasing ; lienciC the 
relative humidity rapidly increases. About sunset in well-watered regions, 
the ^r close to the ground is nearly saturated, as we may blow from tlio 
growing dampness of the grass ; and from this time on the further cooling of 
the ground during the night and the consequent cooling of tlie air next to it 
by radiation and conduction, causes the continuous deposition of vapor in the 
form of dew or frost; the former if condensation occurs at temperatures above 
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32®, the latter at lower temperatures. As vapor is thus withdrawn at the 
bottom of the atmosphere, an additional supply is furnished by downward 
diffusion from above, and condensation is maintained continuously on the 
cooling surface. In this it is like the formation of water drops iipon the cold 
surface of on ice-pitcher in a warm room : the warm air of the room corresponds 
to the great body of little-cooled air above the earth’s surface; the cold 
surface of the ice-pitcher corresponds to the cooling surface of the ground at 
night ; and the drops of water upon the pitcher represent the part of the dew 
that is condensed from the air upon the ground. 

■ 

182. Cooling retarded by the liberation of latent heat. Whenever water 
vapor is condensed, there is os much energy set free as was expended in the 
production of the vapor. This is called the liberation of latent heat. The 
greater intensity of a scold from steam at 212° than from water at 212® is thus 
explained. It has been stated in Section 1G7 that the latent heat required for 
evaporation may bo supplied directly by the energy of insolation without 
taking the intermediate form of heat. It is ecpuilly true that the latent heat 
liberated in condensation may at once take tho form of radiant energy and 
not appear as heat at all. In the example of tho preceding section, the 
liberated latent heat does not raise tho tmnporaturo of tln^ lH)dy on which 
condensation takes ])laco ; it mer(dy su])plies a certain share of tho radiant 
energy that is emitted from the surface of tho body, and thus diminishes tho 
rate at which radiation is supplied from the heat of tho body itself. Hence 
tho decrease of temperature both of the surface on whicdi the air rests and of 
the lower air also is slower after condensation begins than before; and it is 
partly for this ri«ison that moist nigions have a small diurnal range of tem- 
peratxiro; their greater cloudiness or haziness, and tho retardation of warming 
by evaporation in tho day-tiiiKJ and of cooling by condensation at night all 
conspire to this (»nd. Arid r(‘gions, on tho otlnu* hand, have extremes diunaal 
ranges of tenij)uraturt^. »Southi»jist(U’n California and tho adjacent part of 
Arizona hav(» tui av(n*ago suinmcu’ diurnal t(mi])(»rature range of 40® or 46® ; the 
greatest known in tho world. Th(\ retardation of (tooling by the latent heat 
of condensation is an extremely impoi*tant matter in meteorology and will be 
frequently encouiitcired in later pages. 

183. Dew. Tho formation of dew lias given rise to much discussion, but 
since the early years of this century, the experiments of Wells have generally 
been acceptcnl as giving a satis hiotory explaiitation of its origin, substantially 
as stated in the ])rccediiig partigraphs. Recent experiments by Aitken and 
others show, however, that only part of tho dew luid frost formed on the 
ground comes from the air ; the rest comes from tho ground or from plants. 
Duiing the day-time, under sunshine and in tlio presence of on active wind, 
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the surface of the grotuul is dried ; water rises from the subsoil capillarity 
to supply more vapor to the thirsty air. The sap passing from the leaves of 
plants is also easily disposed of then, because it is ezuded in the form of 
extremely minute drops, and because it is generally •well exposed for ova2)oriv> 
tion to the surrounding air. But at night, drops of exuded water may colloid; 
on the leaves of grass and low plants, where it is unable to evai^oratu in the 
cold nocturnal air ; and water rising to the surface of tlie bare ground may 
remain there, instead of passing off as vapor. If the ground is covered with 
grass, the blades of grass become colder than the ground beneath tlicm j the 
vapor rising from the ground will then be in good part condensed on the cold 
grass. 

There is a large variation in the proportion of dew supplied from its 
sevmal sources at different times and places. In damp countries, the sluiro 
coming from the ground is large j in dry regions, where the dew formed at 
night may be a large part of the water on which the growtlx of jdants dopendH, 
the greater part of it presumably- comes by condensation from tlie air. Few 
careful observations have yet been made on thin subject. 


184. Frost is formed in the same manner as dew, but at temiieraturos 
below the fireezmg point. The frost that forms just below the surface of tho 
^omd, raising the surface soU by the growth of its crystals, is xwobably 
^ved for the most part from the subsoil: that which is deposited on hmso 
l^ves and stidts. lying on the ground may also be supplied in good part from 
e^und; the share that then comes from the air is not yet detormino(L 
luttle attention has been given to the measurement of the diurnal or 
^ual amount of dew and frost, on account of the difficulty of tho problem 

^ total ^ual amount of dew precipitated in Groat 


186. Conditions for tte formation of dew or frost. In dry regions even 

dry, the nights may often be cool enough to form dew ^ 

western plains, and on the pampas of the Argentine Reib w ^ T 

and it is accompanied by inversions of ta^^r f' ^ 
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in the so-called ** dry season,” when the sky is prevailingly clear. The weather 
exerts a strong control on the formation of dew. The cooling of the ground 
and of the lower air will be greatest on clear nights, when there is no haze or 
cloud to diminish the effective radiation to outer space. The cooling will be 
greater on calm than on windy nights, for when the lower stratum of air hes 
quiet it is cooled more and more as the night goes on ; while when the wind 
blows, a stratum tliat has been somewhat cooled by contact with the cooling 
ground is carried away, and rejdaced by another stratum from above tliat is 
less cooled. The special case of mountain frost-work in windy weather is 
described in Section 193. The noctunial cooling of the gx*ound has already 
. been described os greatest upon convex surfaces, from which radiation goes on 
in all directions ; and leas from concave surfaces or valleys, above which there 
is a leas surface of open sky. Wo might at first infer from tliis that hills 
would receive more dew than valleys ; hut it should bo recalled tliat, in conse- 
quence of the surface cooling, a descending drainage is established from the 
hillsides to the valleys, so that the cold air of the hillto 2 )S is drained away and 
continually replaced by unooolod air. Hilltops thoreforo receive comparatively 
little dew. On the other hand, the air that creeps slowly down the slopes 
into the valleys is continually cooled by conduction to tho ground as it moves 
on. It is true that at the same time an increase of 2 )reBSure u])on it tends to 
raise its tempei’ature by compression ; hut as the descent of tlu^ air is g(Uierally 
rather slow, tliis cause of iinu'ease of tcmiperature is less eff(u*.tiv(^ than tho 
cooling by conduction to the (iold gi'ound during the griwluni dc^scxuit. Yet 
again, if tho downward nocturnal drainage he c-oneentratiMl in a narrow valley, 
leading from a large upland surhme to an o])eii lowland, the lustivo mountain 
hrec^ze blowing out of the valh'y may descend so nqiidly iis to roiudi tho 
lowland less cooled than tho air which crept more slowly down tlio adjiiccut 
inounfciin sloiics ; in such a case*, the lowland opposite the mouth of the valley 
might ho freer from frosts than t\w general lowland surfiuie therealmuta. 
Those varied cxamiiles afford good illustrations of the imuiy ])rocessos at work 
to determine tho formation of so siinxde a matter as dew. 

186. Prediction of frost. The oceurr(mco of frost in the lato spring or 
early fall is injurious to many cro 2 )H, and it is often highly impoi'tant that 
warning should be giv(m in the afternoon of tho i)rolMiblo formation of frost 
at night. Tho general method of foretelling by means of weather-maps the 
oocurronoe of clear mid (piict nights, when frost is likely to bo fonned, will be 
explained in Cliaiitcr XIII ; hut mention may l)o made here of a simide metliod 
of prediction aiiidieahlo by any fanner. If tho afternoon shows a decreasing 
clouclinesB and a weakening wind, tlu^ tcmqierature of the dew-point gives a 
retuly means of inferring th(^ minimum temperature of the night : for when tho 
dew-point is readied, fuiiilicr noctunitd cooling is retarded, and tliereforo if 
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condensation begins at temperatures above 40®, it is seldom tbat the iniiiiiiiuiii 
temperature of the night will to freezing 5 but no defuiito nile mu 1 )*^ 
in this case. Local experience is needed to determine the '^safcity limit ” of 
the dew-point and its ration to the season and the weather. Special Htudy 
might be profitably turned in this direction. 

187. Protection from frost. When the ooourrenoe of frost n])poarK likely, 
it is offcen possible to protect plants from injury by building a smoky iiro on 
the windward side of a field, so that a dense stratum of smoko may drift 
slowly over the surface. Badiation is then transferred in great paii; from tlu^ 
ground and the plants to the smoky stratum, and the injurious fall of 
temperature at the level of the ground is effectively retarded. This motliod 
is often practised to protect tobacco in meadows and cranberries in low b(»gg;;v' 
ground, where the air is more quiet than on hills or sloi)os. On liigh(»r 
ground such protection is less often needed; for the more active movonioni 
of the air over hills, coupled with the conditions of nocturnal inverHioiiK of 
temperature and the nocturnal drainage of the air on sloping gi'ouiul, gimevallj' 
serves to maintain the minimuTn temperature in quiet weather on liillslopos 
several degrees above that experienced in the neighboring valleys and lowlands. 
Peach orchards in the more northern states should be for this rejison gononilly 
planted on rising ground: many examples could be given in whioli thn 
blossoming in an orchard on higher ground escaped freezing, wliih^ anotlioj* 
near by on lower ground had all its trees blighted. The limitation of Icjw 
temperatures to the lower layers of the air is sometimes so niarktul that the 
upper branches of small trees or shrubs escape a frost that injures tlio lowiu* 


. ^ of tU.. 

SrCf wTr Z O ^ I’® a 

m 't: 
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short days of weak sunshine, the vaUeys of mountef interrupted only by 
to a considerable depth with a oold^n . ^fiions may bo filbid 

winter weather, broad lowlands are amriAti^ ^ ^ spells of quiet and nold 

kind, extending over thousands of square ^ 
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thousand or more feet^ and remaining for even a week at a time ; producing 
extremely raw and disagreeable weather beneath, while the sun shines above 
through air of extraordinaiy oleamess (Sect. 249). 

It sometimes happens that fog prevails even though the air is at a 
temperature several degrees above its dew-point. This is known as a dry 
fog.” It has been plausibly suggested that the fog particles of sucli a time may 
have on oily coating, derived from the combustion of coal and wood in cities, 
by which evaporation is retarded ; but it is not yet proved that dry fogs occur 
only under conditions where the products of combustion are relatively plentiful. 
Like the occurrence of supersaturated cloudless air and of clouds formed of 
water particles, although the air in which they float may be several degrees 
below the freezing-point, as has sometimes been reported by ballooniets, dry 
fog still awaits a full explanation. 

All forms of fog may be classed between the dew and frost that are 
condensed at the 1x)ttom of the atmosphere and the overhanging clouds, to 
the consideration of which we now proceed. 

189. Dependence of cloud condensation on <<dust.” Bccent experiments 
by Aitken have given good reason to think that the formation of clouds in 
the open air is greatly aided by the presence of flue parti(des of solid or liquid 
matter, or, as it is commonly expressed, by the i)rcBence of “dust pai’ticles.” 
If all suspended pai'ticles are removed from a volume of air, its teinp(*ratiire 
may be reduced several degi*ees below the dew-])()iut before coiulensatiou 
begins, and the air is tlien said to be supersaturakul. This is not of (somnion 
occurrence in natural processes. In the lower air suspended particles are well 
known to exist in countloss miinbers. In the upi)er air at great heights, the 
particles tluit may be ])res(mt are not propcnly named by the word dust ; yet 
the best explanation of the blue (?olor of the sky (iSect. 05) depends upon the 
presence there, as well tis in the lower air, of matt(U' not in the gaseous state, 
but in sucli excessively hue division as to remain susiiendnd in the air for 
indefinite periods. If (ioiideiisation of va])or into clouds re(piires the presence 
in all oases of solid or lirpiid nuclei, the imc.hu must bo of extreme fluencss : 
for if rain-water is collecitiul in a (dear vessel, no perceptible aediinont will 
settle from it, unless it is caught over some dusty or smoky region ; yet every 
rain-drop has been fornuul by the union of counthiss minute cloud particles, 
every one of which, a(M*.ording to this theory, must have had a nuoleus when its 
condensation liogan. Wliih^ the laboratory experiments seem to leave no doubt 
upon this question, the natural occurrcuicc of cloud and rain does not give it 
unqualified sujiport : the hyi)othoticul nuclei are not found by direct observation. 

100. Size and constitution of doud particles. Clouds formed at tempera- 
tures above 32® consist of minute spherical drops of water, to of 



160 


ELEIMBKTARy METEOBOLOGY, 


an or more in di£unet6r. Tli6re is no sufficiont roason for accopting^ tlio 
old balief that cloud particles are hollow vesicles. Clouds formed at temperor 
tures below 32® consist of minute ice spicules, which may increase in size and 
become snow-flaJces. The low temperatures at which such clouds occur 
prevail in the upper regions of the atmosphere all over the world, and at 
lower levels in the winter season or near the poles. Cloud particles arc 
ordinarily so minute that they fall very slowly through oven so light a 
medium as air, and a very Mnt ascending current is sufficient to bear thorn 
upward. When their size increases by continued condensation, they may 
become large enough to fall, slowly at first, faster afterwards ; and thus rain 
or snow is produced The association of rain or snow with storms of different 
kinds will be considered in the two following chapters, after wliicii a later 
chapter will consider the occurrence and distribution of rainfall over the 
world 

191. Color of clouds. The numerous particles of which clouds consist 
generally reflect so large a share of the rays incident on them that they arc of 
the same color as the light by which they are illuminated ; they are therefore 
white in sunlight and gray in shadow during the day-time, or tinged witli 
bright colors at snnset or sunrise. The brilliant light on the edge of a (doud 
that hides the sun is caused by the diffraction of rays on the marginal 
particles. At the time of formation or disappearance, light fleecy (ilouds 
often take a purplish tint when near the horizon and far from tlio sun. 
Distant massive clouds near the horizon may have a yellowish or even a ruddy 
tint at noon-time, on account of the selective scattering of the blue rays from 
the light that is reflected from them. 

192. Halos and coronas. The icy nature of lofty clouds is known not 
only from observations on mountains and in balloons, but also by the action 
of the clouds on sunlight. A thin veil of lofty cloud (cirro-stratus) over tho 
s^y frequently produces a ring or halo of light around a less illuminated 
circular space of 21® radius, with the sun or moon in the center. The halo is 
colored when well defined, and then has red on the inside and blue on tho 
outside. This may all be so well explained by refleotion and refraction of 
light in ice crystals that there can be no doubt of the icy structure of siicli 
douds. In the polar regions minute ice crystals are often scattered through 
the lower air. The halos then formed are of remarkable brilliaiuy and 
complicated form. Many dense and massive clouds must have a low tempera- 
ture in their upper parts, and there they also must be of ice. 

Coronas are concentric colored rings, ordinarily of small diameter, with 
the red on the outside, formed around the sun or moon in clouds of moderate 
thickness. These rings are produced by the diffraction and interference of 
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light on fine particles of water, or ice. The smaller solar coronas are 
generally lost in the blinding glare of light around the sun. Incomplete arcs 
of delicate coronal colors are often seen in the thinner margins of heavier 
clouds at much greater angular distances from the center of light. 

198. Cloudy condensation in winds over cold surfaces. An effective 
means of cooling air to and below the dew-point is seen when our damp 
southerly winds of winter blow over a snow-clad surface. The snow is then 
rapidly tliawed by the woiiuth gained from the air ; at the same time the air 
is so rapidly cooled tlmt it is not unusual for it to become foggy close to the 
gromid. Fogs over the cold waters of the Newfoundland banks are formed 
in the same way. A small illustration of a similar process is sometimes seen 
in tlie formation of a cloud banner over a sharp mountain peak, when the .air 
bnishiiig post the summit of the mountain is cooled to a temperature below 
its dew-point. A standing patch of cloud is the result ; its particles stream 
along with the wind beyond the peak, but before moving very far the moisture 
ooudensed by the cold of the mountain is re-evaporated by mixture with the 
adjacent air at the end of the cloud. 

Tho cold rooks of mountains may at such times become heavily covered 
with frost, condensed upon them from the air. The frost gi'ows to curious 
forms, building itself out to windward. On Mt. Washington the anemometer 
at the station of the Signal Service formerly maintained there was often so 
heavily covered with frost formed in this way os to be useless as a wind 
measure. 

194. Clouds formed in poleward winds. Much larger illustrations of 
cloudy condensation occur in those winds which move from a lower to a higher 
latitude. Nearer the equator, where tho air is exposed to stronger sunshine, 
its temperature is maintained at a higher degree ; but as it advances poleward 
and the rdation of insolation to radiation weakens, the temperature progres- 
sively falls, and tlie entire mass may become filled with a thick sheet of 
clouds, which lies like a cloak over thousands of miles of land or sea, and 
shelters tho lowc^r air from warming by day and from cooling at night 
Condemsation is aided when tlu^ i)oleward wind blows from an ocean over 
a winter continent; the air then cools hy radiation downward to the 
ground us well «iR outward to spiuso, and tho cloud cloak becomes thicker. 
Suc.h (douds are well known during southerly winds in the winter weather of 
the ejistiu’ii United Statw. Wluui their under surface is illuminated lay 
ohliquo light, as at sunset or sunrise, one may sec fleecy pendant masses, 
whoso filaments griulually settle down and dissolve away in the lower warmer 
and drier air : when the clouds arc v(^ry heavy, they may yield rain. If the 
cloud-making winds are stormy, i’ragmeutal clouds, or ^^scud,” are formed 
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beneath the heavy cloud-sheet, leaning forvrajd with the wind and rapidly 
changing their form. Northerly winds, whose temperature with us rises as 
they advance, and whose capacity for vapor therefore increases, are on the 
other hand characterized by a clear sky, 

196. Condensation by the mechanical cooling of ascending currents. In 
all cases where a vertical or an obliquely ascending movement is given to a 
current of air, it is cooled by the expenditure of some of its energy in the work 
of expanding against the surrounding air as it lises, as has been explained in 
Section 49. This process, it must be remembered, is an immediate one, 
keeping close pace with the ascent : it is not like the process of cooling by 
conduction or radiation, which is slow. Mechanical cooling of ascending 
currents precisely accompanies expansion as the air rises to greater and 
greater altitudes. This is probably the most general process of cloud-mating 
that occurs in the atmosphere. Attention was first called to it by Espy, a 
noted American meteorologist, about 1836 ; he was also the first to explain 
properly the prevailing clearness and dryness of descending currents, as well 
as the diurnal period of the wind and of cloudiness, now to be considered. 

186. Convectlonal clouds of fair summer weather. Mechanical cooling of 
ascending currents is finely illustrated in the formation of day-time clouds — 
known as cumulus clouds — during the ordinary fair weather of summer time. 
The reader will recall from Section 64 the account of the local conveotional 
disturbances of the lower air on warm summer days 5 and from Section 169, 
the application of this process to explain the diurnal variation in the velocity 
of the lower and the upper winds on land. We must now examine more 
carefully the formation of douda whenever an ascending current rises so high 
as to reduce its temperature below the dew-point. 

Let us consider the case of a summer morning, when the temperature of 
the lower air on the land close to sea level may be 70®, and its dew-point 67®, 
giving it a high relative humidity. As the sun shines through it and upon the 
gpiround below, the temperature of the lower air rises rapidly, and before nine 
OP ten o'clock it may reach 76® or 80®. At the same time, evaporation from 
the dew-covered surface of the ground slightly increases the amount of vapor, 
but this increase is not nearly so rapid as the increase of capacity, and 
therefore, although the absolute humidity rises by a small amount as the 
morning advances, the relative humidity will fall distinctly. When the 
temperature reaches 80®, the dew-point may be 68 ®; the relative humidity will 
then be much lower than before. At this time, let it be supposed that the 
warmed lower air has become unstable, the vertical temperature gradient of 
the region being represented by the curve BKN, in Kg. 48. The lower air 
consequently ascends through the overlying cooler air ; as it rises, it cools by 
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expansion at the relatively rapid rate of 1®.C for every three hundred feet of 
vertical ascent, as explained in Section 49, and here illustrated hy the line 
BFK. Section 197 will consider the rate of cooling when the dew-point 
ifl passed and latent heat is liberated by the condensation of some of the 
vapor. 

When such a oonvectionol process is well established, tlie ascent of the 
lower air is rapid and it reaches a considerable height. If the air, with 
temperature and humidity os above stated, ascends about half a mile, it will 
there be reduced almost to its dew-point ; but it must be noticed that os the 
air ascends and expands, its dew-point foils slowly, because the vapor tliat is 

carried up will not so nearly saturate the 
increased volume of the expanded air os 
it did when the volume was smaller under 
greater pressure near the ground. The 
rate at which the dew-point is thus 
lowered hy ex])anHion is represented 
graphically by the dotted lines, DE, 
etc.. Fig, 48 ; its nunieri(?al value being a 
third of a degree Fahrenheit for 800 feet 
of ascent (or 0.2® C for 100 meters). But 
the rate of cooling by oxj)anBi()n, liJFK, 
is more ra])id than the falling of the 
dew-point, J> and tlu^ fonuiir will soon 
oviii’take the latter in air of ordinary 
hiuuidity: in the oxaiu])le liore figured, 
d\ \a saturation will be produced — not at a 

height Fj where the tem])eraturc of the 
asetending air is reduced to the <lew-point 
that it had before as(‘.ent l)egan — but at 
a height E, or 2750 feet, and at a tempi^rature of ()5®.8 ; tins being nearly 3® 
lower than the dew-point of tho air lu^fore its aKc.(uit began. It may therefore 
be said that the height in feet at which (w)nd(UiHation will begin in convectional 
currents equals the coniphnmuit of tho dew-point divided by (1.0 — 0.3) X 300. 

As tho dew-i)oint is reached and ])asHed, saturation is followed by condoiiBOr 
tiou, and the clouds of the luorning ap])oar. The dust that aids condensation 
in the open air is always ])re8ciit in ascending currents, nnloss the condition 
of the atmoH])horo is v(u*y (*xc.nptional ; and hence there is as a rule no 
hesitation in tlio beginning of the ])roc(W8. It luis, however, been supposed 
that if the ascending air should bo extreunoly (dean, the gi^eater part of it 
might 1)0 cooled by expansion to temperaturc^s distinctly below the dew-point, 
thus making it suporsatnrat(ul, until at last a forc(ul condensation takes place 
and produces a rapid and abundant clouding. But under ordinary circumstances 
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* V -1 fhftt oloudiness begins immediately after tho d«!W-i«rtnl. i» 
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form, and are therefore called cumnlns clouds. They U(*arly ahvays h*an 
forSlrd and curl over on reaching the fafltei-moving uppor .uimuite. ^ As l,h > 
Lsorb insolation that would otherwise pass down to tho gr‘«H« . 
ia retarded and their houyancy increased ; this being an important, aid iu tte 
aflcent of all cloudy currents in the day-time. As far as the asamuling fur««ut 
vises above the height at which condensation began, tlio cloud continm-s to 
scow: the further the cooling continues, the mom vapor is condonst-d, tUo 
Lending air being always held at its dew-point. Attentive obsi^rvors inay 
easily detect the inflow at the base of these clouds, where nasty wisps tlu.-keii 
as they rise and coalesce with the main moss; tlic aseeut aloft where the 
convex cloud heads grow outward with visible expansion; and the melting 
away of the doud as its foremost parts roll over and slowly (hweeiid. 

The vertical thickness of the doud wUl dopoiid on tlio dam) mess oi 
the air and the activity of its oonvectional ascent. In very dry air, sueh as 
occurs over deserts, the convection may be active in the lofty nsennt of dusty 
whirlwinds, yet no douds appear because tho cooling by cxitansiini is not 
a pnr.gli to reduce the dry surface air to a temperatiiro low oiiougli to cause 
c on/i«nQftfa-nTi. On the other hand, over the ocean where the air is moist, the 
of indpient condensation may be less than a thousand feet. The lint 
surfaces of these douds, at the altitude at which oondoimation begins, 
are of about the same height all across the sky, and oonstitiito as marked a 
feature of fair summer weather as the growing convex siimmits of the clouds. 
The height to which the doud will grow above tho lovd of first condensation 
depends on the additiond height to which the ascending ourronfc rises, and this 
depends in turn on the contrast of temperature between tho lower air and tho 
overlying strata through which it rises. If the lower air bocomos very warm, as 
at noon-day in summer, the clouds may grow to a tnily mountaiiions height ; 
while in the early morning the oonvectional ascent is so moderate as 
produce only small patches of doud in the dear sky ; and iu winttir, when tho 
air is generdly stable, donds of tliis kind are uncommon. 

On almost any fair summer day the convectioual process of eloud-inaking 
may be watched from its beginning in the morning till it ccasos alsiut siinsi't. 
Small eorling clouds and fresh breezes indioate the establislimont of aetivit 
convection at an early hour; the donds increase in size through the uiorning, 
and if the grouud has been moistened by a rain the night boforo, the mljacmit 
clouds may grow to so great a size as almost to codesoe and overcast the 
noon-time sky : but the clear bine of the upper air may still ho seen in tho 
intervals between the douds. With their growth, the morning broozos froshen 
and become a brisk wind in the afternoon ; hence the common name of “ wind 
clouds,” often given to these forma. The strong sunshine piggin g through 
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spaces between the clouds lights up the dusty afternoon air with slanting 
beams of light, apparently converging to the sun, but really parallel. If the 
observer ascend a lofty mountain-slope on such a day, ho may reach the level 
of condensation at which the bases of tho clouds all rest. 

With the shading of the ground by the cloudy cover, and with the descent 
of the sun in the afternoon, tlie cause of tho convoctional acticni is weakened, 
and after four or five o’clock it luus generally stopped. As the as('.ending 
motion on which the growth of the clouds depends is lessened and as the weight 
of the water particles of which the clouds consist depresses the ascending 
currents, the clouds settle down and dissolve away. Thus tho sky of late 
afternoon or evening is left as clear Jis it was in tho morning. The regularity 
with which this process is repeated in fair Hummer weather, especially in the 
fair weather of the torrid zone, leaves no doubt of its dependence on diurnal 
sunshine and convection. 

197. Decreased rate of adiabatic change of temperature in cloudy air. 

We must return now to examine the effect of the liberation of latent heat 

in ascending currents of air when 
cloud-making lias begun ; and of the 
re verso i)ro<joss in descending cdoudy 
currents. 

TIh^ rotarditipn of nocturnal 
cooling when labnit heat is liberatiid 
in tlie formation of dtuv or frost 
has IxMUi explained in Seettion 182. 
In that (*.as(^ the libm*at(xl energy 
X)asH('!(l away as tiu’nmtrial nuliatiou 
into Hjuu*.e, without doing any work 
on tin*. (Mirth. In the problem now 
before us, tho liberatcxl latent heat’ 
of an as(unuling, expanding cuiiTcnt 
iH ap])li(Ml to aiding in the work of 
])iishing away the surrounding air; 
tlu^ h(*at of the ascending current 
is tlun’efon^ drawn upon more slowly 
to do its shares in this work, luid 
li(nie.c‘. the fall of t(uuperature in 
tlu^ ascMuidiug air is retarded. This 
])r()<M»s8 is of wide appluiatioii, and 
must iKi carefully considc'red. 

In Fig. 49, lot tlu^ altitude and temporatiin? of incipient condensation in a 
moss of ail* that has risen from sea-level bo indicated by E. In this case, we 
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may say that the work of expansion, represented by has all been performed 
by the only available energy ; namely, the heat of the rising air, and that 
the air ha-a for this reason been cooled from the temperature ^ to • If the- 
air shonld now ascend throngh the additional height, EM^ the corresponding 
work of expansion may be represented by ML, There are now two available 
sources of energy that may be called on to do this work 5 the sensible heat 
of the moist air, and the latent heat liberated from the vapor that is con- 
densed in consequence of the cooling by the loss of the sensible heat. It is 
found by calculation from the known values of the capacity of air for vapor 
and of the latent heat of vapor, that a part, MH) of the total work, ML^ 
requires a loss of sensible heat that will cause the condensation of an amount 
of vi^OT whose liberated latent heat will just perform the remainder of the 
work, HL, Hence when condensation begiiis, the sensible cooling of the 
ascending current will no longer be at the rapid rate, EL, but at the retarded 
rate, ESS, 

The retarded rate of adiabatic cooling has been determined for various 
temperatures and pressures, as given in the following table, or as represented 
in 1^. 49 by the broken lines, Its, The greatest retardation is found at high 
temperatures and heavy pressures ; that is, under conditions where the decrease 
of capacity with decrease of temperature is most rapid. At very low tempera- 
tures, the retardation is insignificant. 

Rate of Cooling of Cloudy Asobndtng Currents. 

A, Bbobxabb of Tbufbratuhb iv FAnRBNiiBiT DsauEBB FOR 800 Fbet of AscEirr. 


Press urb. 

10® 

20° 

80° 

4(1“ 

60“ 

(i0° 

70° 

80° 

W)° 

80" ..... . 


1.2 

1.1 


1.0 

0.0 

ImjI 

0.7 

mm 

mm 

20 

, 

1.2 



■tXH 



0.7 



22 

. 

1.1 






0.0 

mlnm 

mm 

18 

- • 

1.0 

1.0 
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B. BbCRBABE op TfiaCPBRATURB IB CbNTIORADB DBOKEBa FOR 100 Metbrh Abcebt. 


* Pressure. 

—10“ 

-6° 

0 ° 




20 “ 

26° 

80° 

700 

Di 

0.08 


0.68 

0.68 

0.48 

0.43 

0.40 

0..37 

700 


.00 


.67 

.61 

.40 

.42 

.38 

.30 

600 




.64 

.48 

.43 

.40 

.30 

— 

600 



.60 

.60 

.46 

.40 

.37 

— 

— 

400 

.02 

.55 

.61 

M] 

.41 

.37 

— 

— 

— 

300 

.60 

.40 

.40 

.42 

— 

— 

— 

— 

— 

200 

.48 

.41 

.39 

— * 

— 

— 

— 

— 

— 
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If a mass of cloudy air is descending, the problem is reyersed and the rate 
of adiabatic warming by compression is retarded. The heat that would be 
given entirely to raising the temperature of the air if it were not cloudy is in 
this case devoted in part to supplying latent heat for evaporation of the cloud 
particles. After all the cloud is evaporated, the rise of temperature goes on 
at the usual rapid rate of 1“.C for every 300 feet of descent. An important 
apl)lioation of this principle will be found in Section 248. 

198. Special adiabatic conditions at the freezing-point, A peculiar con- 
dition is found in a convectioual current whose ascent is so high as to cool it 
to the freezing-point, as often happens in thunder-storms. The cloudy current 
of air is saturated with vapor and carries upwards a vast number of minute 
water particles. When the freezing temperature is readied no further cooling 
oan take jilace until nil the susi>ended water particles are frozen ; and during 
this time, all the work of expansion is done by the latent heat liberated in the 
change of the water from the solid to the liquid state. Still more ; in oonse- 
qiienco of the ox})ansioii of the air during this time of no cooling, its capacity 
for vapor slightly incrtuisoa, and some of the water particles or ice crystals will 
return to the vaporous state, deriving their necessary latent heat from that 
liberated in the freezing of some of their neighbors. Hence for a brief space, 
asoont may bi^ accomplished without decnuiso of toniperaturo, as shown by the 
lines, A'A", Kig. 40. Ho definite stafauuent can 1)0 made concerning tlie 
height of Jia(«mt without (jooling at this (jriticjal stiigo of the process, because 
the amount of water ])r(ment varies with the size of the cloud Jind with the 
velocity of tlie Jisecuidiiig (uirrnnt ; hut in soim^ cjises it may amount to as 
much as iil'ty or a hundred fo(^t. It is thc.rerort^ at most a trifling matter, and 
only deserves numtion from its t.h(^or(?tical interest. 

199. Increased altitude of convectioual ascent in cloudy currents. Recall- 
ing the explanatioiiH of S(^(?tion 107, it is appanmt from Fig. 49 that if no cloud 
were formed, tlm e.onvo(ttional as(MUit of the. air there considered would cease 
at Ky whom the adiahatie line?, lUL, intiu-socts the vertical temperature 
graiclhmt, HKN. but iis cloud is fornu'd afb^r riiadiiiig the altitude E, the 
rate of (looliiig is tluni (duiiig(fd from EKL to liJ/IS by the liberation of latent 
heat; ami hence tlui ase-midiug air will not Ixi redue.ed to the temperature of 
the air through wlii<di it tiscwuids until a mueli greater height than is gained. 
The higher tlu^ buujxu’iituni and the damper the air, the more effective is the 
aid thus givcui from tlu^ c.ondensing vapor. The velocity 6f ascent is also 
increased after (doud-making hogins ; for on iiccouiit of the retarded cooling of 
the eloiidy air, its (*xc(‘ks of temperatures over that of the surrounding air is 
tnaintalucd at a greater value than it would l)o in an unclouded current. 
Application of this ])rin(ti])ln will Ixs found abundantly in the chapters on storms. 
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It must be borne in mind that the simple adiabatic changes here considered 
are never precisely realized^ Mixture, conduction and radiation all tend to 
equalize the temperatures of the ascending and surrounding air, and thus to 
diminish the altitude attainable j and the doud particles act as a burden 'whicli 
holds down the ascending current below the height it might gain without 
them. On the other hand, the cloud particles absorb by day, when convecitioii 
generally occurs, much insolation that would otherwise pass on to the oaitli, 
aTiH thifl aids the retardation of cooling in the ascending current ; and the 
momentum of the ascent tends to carry the current above the iioiunal height 
■of equilibrium, especially if the ascent be rapid. Even if all those disturbing 
influences could be allowed for, the value of the vertical temi)erature gradient 
could seldom be well ascertained, and hence the point of iutei'sectioii of the 
two critical lines must be ill determined. The curves of Fig. 49 and of other 
figures of the same kind must be taken only to indicate a rough solution of 
the conveotional problem ; but if thus understood, they will bo found of inncli 
assistance in gaining a dear idea of important meteorological processes. Thu 
problem of the formation of clouds may now be resumed with a fuller 
understanding. 


200. Convectional clouds over islands and mountains. Mountainous 
islands are often dothed with diurnal douds while the surrounding air is 
•comparatively dear. This is because the combined action of the inflowing 
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sea breeze and the ascending valley breeze carries the damp air from ov(u* the 
ocean up to a height at which it becomes doudy. A doud-ring of tiiis origin 
has been described over the island of Hawaii in the tropic^ Pacific ocean 
(Sect. 266). 

Either of the two processes of doud-making here in operation may produce 
douds when acting alone. Arms of the land, like Cape Cod, may be marked 
out in the s umm er sky by the growth of floating cumulus clouds in (]uiot 
weather. At the same time, the sky over the mainland to the nortliwest is 
heavily charged with large douds, while over the sea the sky is clear, except 
that in quiet weather isolated clouds grow over the sandy island of Hantucket, 
Fig. 60, the island itself not being visible from the mainland. The sand-bars 
•enclosing Pamlico and Albemarle sounds should determine the development 
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of olouds in calm simimer weather in tlie same way. On the other hand 
inland lakes may produce cleai* sky, when the surrounding land is cloud-covered! 
Inland moimtain-ranges are generally obscured in the oftenioons by the format 
tion of clouds around their summits, often growing to the size of thunder 
etorms. Mountain climbers, knowing this, make their ascents as early as 
possible to gain a more extended view. 

201. Varied form of convectional clouds. The rate of ascent of the 
conveotional cloud-foiming current is often so slow and the burden of cloud 
particles is so heavy a load for it to bear up that the summit of the cloud fails' 
to reach the altitude where its temi)orature would be reduced to that of the 
air about it, and where it might then spread out horizontally, after the fashion 
of dust whirlwinds. In such cases, the cloud topples over and dissolves away. 
Where tlie activity of ascent is moderate, and the horizontal dimensions of 
the cloud exceed the vertical, it is colled strato-cumulus. Fig. 51. The top of 
a more active cloud inass some- 
times spreads out laterally at a 
moderate altitude, forming a high, 
flat cloud with definite, sluiriMuit 
margin. It is probable that this 
form is best developed when the 
altitude to wliich the cloud cur- 
rent rises is determined not only 
by its own cooling but also by 
reaching a relatively warm uppi^r 
current, into which it winnot risc^, mid by wliose more rapid forward motion 
tlie top of the (uimuluH cloud is brushed out into a horizontal sheet. Sheet 
clouds of this origin oftmi float away for many miles, gradually breaking into 
alto-cumidus inasHes and slowly dissolving, but remaining visible long after 
their original (uiniulus sourc-o lias disapiicand. The flat layer clouds of sunset 
are oftmi the rcuiuiins of outs])rea<ling clouds fonned in this way. 

If the cuiiiuluH cloud rises into damj) upper air, a thin sheet of cirro-stratus 
cloud may lie foriiuul over tlie rising summit of the cumulus mass, soon to be 
broken through as the cmniulus rises higher. 

If the convectional asc.(uit be excessive, as in thunderHBtorms (Sect 264), 
the cloud mass may attain an extraordinary volume and altitude, being then 
called cumulo-mmbuB. Some such clouds have liecn charted over a length of 
two or throe hundred miles, wliilc their summit height has been determined at 
six or eight miles. A broad outflow of soft fleecy cirro-stratus cloud floats 
away from the to]) ; it is generally unsyinmetrioal, roaohing further forward 
with the upper wind in the direction of the advance of the storm. Wlien 
fibrous at the edges, slowly curling and eddying, it is called cirrus. The under 
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Burf^e of the cirro-stratufl cloud is sometlmeB festooned by the settling down 
of misty layers from its under. surface into the clear air beneath. The lower 
portion of such a great thunder-storm cloud consists of water-drops ; but the 
upper portion may be of snow even in summer, as is proved by tlio snow 
falling from thundeivstorms on lofty mountains, while the valleyH receive only 
rain. Examples of much larger cloud-masses in connection with tropical 
conveotional storms will be given in Section 218 ; they need meutiou in this 
connection because of the great development of long, feathoiy, cirrus clouds 
that radiate from the lofty storm-cloud mass for many miles aromid, forming 
a stratiform shield at heights of five or more miles. They are matted together 
near the stormy area, and are there called cirro-stratus ; further away tliey are 
more fibrous and feathery, and are known as cirrus. Their forai oliaiigcs v(^ry 
slowly. They appear to be the final product of the cooling by ascent, perhaps 
aided by mixture with the cold lofty air, as they are formed whore tlie central 
ascending component of the motion gradually turns outwaid to a fai'-roacliing, 
nearly horizontal movement. The small change ohaerved in such cdouds from 
day to night implies that warming by the diurnal absoiption of insolation and 
cooling by nocturnal radiation has but a moderate effect in producing or 
troDsforniing them ; but the stratiform portion of these lofiy sheets aomotimos 
breaks up into patchea> as if prompted to local conveotional movomont by 
arrested insolation the little fleecy clouds thus formed being cjillod cin’o- 
cumulus (see also Sect. 203). 


802. Clouds in forced ascending currents. The ascent by which clouds 
are formed need not be of spontaneous conveotional origin, as in tlu^ (uihch 
just considered Any process by which the air is raisetl to levels of 1 i*hk 
pressure will serve, if it continues far enough. Thus when the dmnp tnwlo 
winds blow against a mountain slope, and rise to i)ass over it, they soon 
become doudy. If the winds are strong and the mountains high, the clouds 
may grow so large as to give forth rain. 


Promontories facing a windward sea are for the some reason frefiiiently 
doudy. Table Mountain at the Cape of Gk)od Hope is spread over by a slu^iit 
of cloud, known as the “table-cloth,” when damjD winds blow over it; tlio 
cloud grows as the wind ascends on the windward side, and dissolves awjw as 
it descends to leeward. Clouds of this kind sometimes do not touch the 
mountain over which they are produced; and from this it maybe inrorrod 
that only ceitiim ones of the arohing atmospheric strata are damp enough to 
pass the dew-point as they rise. It sometimes happens that a oompamtiviOv 
dry wind passes over a mountain crest and draws up damp currents on tho 
leeward slope, which then become cloudy. 

In the blustering Trinds of March, when local convection is becoming 
active with the rapid warming of the groimd and the lower air while the 
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upper air is still cold, the rolling of the lower currents may often carry a 
oonvectional updraft for a short time to a greater height than it could reach 
in a still atmosphere ; thus forming the ragged clouds of that windy season. 
Many of the tangled cirrus clouds (Fig. 52), floating at great heights and 
changing their form slowly, may perhaps be ascribed to a driven ascent in 
conflicting currents (see also Sect. 208). Indeed, reason will be given in a later 
chapter for thinking that many of the great masses of heavy clouds with 
long, outspreading cirrus pliunes, measuring a hundred or two miles in length, 
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that form over the stormy areas of the prevailing westerly winds of the 
temperate zones, partic.uloi'ly in winter time, may be in gi’eat part examples 
of condensation in a driven whirling ascent on a large scale (Sect. 237). 

203. Clouds formed in atmospheric waves. Wlien adjacent air currents 
move witli dilTcrcmt velocities or in different directions, their surface of 
contact may b(^ thrown into a series of slowly oscillating waves of consideiv 
able horizontal length from node to node, but of moderate vertical amplitude 
of oscillation. The waves of the sea surface ore produced by the difference 
in velo(!ity of wind and wat(»r ; the npples on the surface of sand dunes and 
of snow drifts, as w(dl as of sand bars under water, are of similar oidgin; the 
violent agitation of tlu^ S(*a, known as ^^rips,” where tidal or other currents 
conflict, are of the saino kind. Wavers in the atmosphere are generally of 
veiy slow inoveineiit. Their existences may be recognized in the undulating 
form of tlus under surhices of brood cloud sheets. The regular spacing of 
clouds betw(s(su equal intervals of dear sky also depends on some undula- 
tory movement of atmospheric strata. Indeed, atmospheric wave motion is 
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probably mnch more oonmioii than we imagine ; for we notice it only when it 
beoomes conepiouous by means of clouds produced or shaped by it. 

The formation of clouds in waves depends on the variation of density, 

hence of temperature, produced by the vertical oomjionont of thoir motion. 
The vertical oscillation, by which a portion of air is carried from the trough 
to the crest of the wave, may in certain coses cause sufficient cooling to 
produce cloudiness. If so, the cloud should increase on the front of the wav<^ 
and fade away on the rear. Condensation once begun in tliis way may givo 
rise to further cloud growth by arresting sunshine ; but this whole ])ro(iC88 
calls for detailed observation before it can be oonsidered well understood. 

The forced passage of the wind over an obstacle, such as a niountain-ridgei 
sometimes throws the current into standing waves for some distiiiKse to 
leeward. In northwestern England, when a damp wind blows over the Cross 
Eell range from the east, a doud is formed over the ridge by the forced ascent 
of the air, and a second doud, known as the Helm Ear, is fonned in the 
ascending part of a standing wave of wind, a short distance to Ituiward. 
Similar douds may be expected in the damper mountainous parts oL' our 
western country, although they have not yet been recognized. 

Much larger examples of douds formed in standing waves have ]mm 
described over and to leeward or northwest of the island of Aacujiision, where 
they float in the trade wind for flfty or more miles in the o(*.can. It is 
suggested that even lofly drrus douds may be formed by the as(?ont and 
undulation of high currents where their even flow is disturbed by the ardiing 
of the lower currents over islands or mountains ; but, like many other HUgg(»H- 
tions in this chapter, much more observation is needed for the full conlirmatioii 
of this process. 

204. Clouds do not always float with the air currents. It is commonly 
assumed that the movement of douds gives a direct indication of tlu? movt^- 
ment of the air in which they are suspended; but a number of examjjles 
described above show that this is not necessarily the cose. The ap])ar(uitly 
flxed, level base of a oumulus doud is really the site of a comparatively Jictiv(» 
ascending current. The stationary doud-banners that sometimoB stream out 
to leeward of mountain peaks merely indicate the space within which the 
moving air is reduced to a temperature below its dew-jjoint; the air flows 
rapidly along, bearing the individual doud particles with it, but the cloud 
stands still. The same is true of clouds formed in flxed waves, detormiiied by 
irregularities of the land. Finally, the movement of those higli-lovd douds 
that seem to he formed in the rippling wave crest of adjacent air mirrciiits 
must differ by a certain unknown amount from the motion of the cuiTents that 
produce them. ^ A later section (272) will give illustration of a cloud whose 
change of outline actually progresses against the movement of the wind by 
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which its paitides are carried. These facts should be bom in mind and 
allowed for as far as possible when observations of clouds are employed in the 
study of the movementa of the atmosphere. 

The striation of lofty fibrous clouds seldom indicates the direction of their 
movement with respect to the eartli^s surface. They frequently drift trans- 
versely to their length ; and then their trend as well as their drift should be 
recorded. The twisted wisps often seen on the under surface of lofty douds 
are generally due to the sinking of cloud particles from one current into 
another of different direction and velocity ; tlie direction of the wisps then 
indicates the movement of the lower current with reference to the upper 
current ; just as the smoke from a moving train is not parallel either to the 
railroad or to the wind, but doses the tnongle of which the train and wind 
movements are two sides. 

205. Condensation caused by conduction. It is possible that certain thin 
sheets of cloud may be formed in the warmer of two adjacent air-currents 
whoso temperatures ore distinctly different. Conduction causes the tempera- 
ture of each current to approach that of its neighbor ; and the cooling of the 
warmer current may make it cloudy. Like several other processes here con- 
sidered, no definite value can be assigned to this one ; but aU possible processes 
should be borne in mind when undertaking this most difficult division of 
meteorological observation. 

206. Condensation by the upward difihision of vapor. The occurrence of 
diurnal conveotional currentH has been exidaiiied as depending on the over- 
wanning of the lower air under sunshine. It is most marked on land surfaces 
and ill summer, when the diurnal range of temperature is strong. At sea, 
where the range may be goiiorally less than four degrees, the increase of 
temperature in the lower air does not ap^iear to be sufficient to oause instability 
and c'ionv(Uiti()n ; and yet in the tx'ode belts and especially in the doldrums over 
the oceans, local ciunuliis clouds are regularly formed in the morning, and rise 
to great heights in the afternoon, generally causing rain. It may be suggested 
that these clouds aro duo in good jiart to an upwiird diffusion or expansion of 
water-vapor, formed in excess at the surface of the ocean 5 or at least that this 
lirooesH is of decided imporbiiuso in combination witli any conveotional motion 
that may take pliuje there. A slender form of the lofty cumulus clouds in the 
trmlo winds is said to be characteristic. 

207. Condensation by radiation from the atmosphere. The atmosphere 
has already been desciibed as a i)Oor rmliator ; its temperature falls but little 
at night, because it cannot easily give up its heat by the emission of radiant 
energy. It is therefore somewhat imoertoin whether the sheets of cloud, 
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sometimes obseryed in the early morning after a night that was oloar till a 
late honr^ can be ascribed to so ineffeotiye a process as the cooling of the air 
by its own radiation. It may be^ howeyer^ that certain layers of air are so 
nearly at their dew-point in the day-time that the little cooling of night niakoH 
them cloudy. If the process is once begun, its extension is easy ; for tlio (doiul 
particles ^emselyes will cool by radiation, and the air near them 'vyill tluui 
cool by conduction and radiation to them ; condensation once established may 
be rapidly extended. A possible cause for the moist condition of certaitL strata 
of the atmosphere is found in the outspreading of cumulo-stratus shoots from 
the top of cumulus clouds, as explained in Section 201. The oumiilo-Htratus 
sheet slowly dissolves away in the late pftemoon, thereby dami^ening tho layer 
of air about it. Thus the transfer of vapor from the lower air or evoii from 
the ground in the day-time may supply the vapor for the formation of high- 
level cloud sheets by radiation late in the succeeding night ; but like Hovoiiil 
other suggestions regarding the origin of clouds, this is altogether problomatiiu 
It seems to be physiooUy possible, but its value in actual oocurroiuie is 
undetermined. 


208. Condensation by mixture of air currents. If two masses of air, l)otli 
saturated but of unlike temperatures, are thoroughly mixed, tho temiioraturo 
of the m ix ture will be below its dew-point, and a general clouding of moderate 
density will be the result. This process of condensation was suggested in tln 3 
last century by Hutton, and was for many years regarded as the most olfocitivc^ 


means of producing clouds and rain. It is stni often referred to, but it (wuinot 
now be regarded as so important as several of the processes already ooiiHidcrod. 

The present understanding of meteorological phenomena shows that 
Hntton^s theory involves an uncommon process, and that it is of ralativcdy 
little importance when it occurs, except as a subordinate aid to other proooHHcH. 
It is nncommon, because it seldom happens that two adjacent currents of unlik('j 
temperatures are both saturated. Even if this condition occupied, the intimate 
mixture of the two currents is not easHy brought about. If mixtui-e should 
take place, the resulting condensation would not supply clouds and rainfall in 
observed amounts, unless improbable temperatures, volumes and velocitius are 
assumed for the intermixing enrrents. Little attention is therefore now given 
to this process alone as a means of producing so active a condensation as to 
^use ram. Coupled with other processes, it has some uudeterminecl value. 
Smaller examples of its action may perhaps be seen in the formation of the 
t^led cirrus clouds mentioned in Section 202, although tlie prevalent clryiieas 
of the upper air is against such an explanation ; or of the thin wave-like cdoud 
films that are sometimes seen in our southerly winds when tliey flow over 
colder lower air; m this case the surface of contact is recognized by the 
wav^hke form of the doud film. In a larger way, mixture must aid ij the 
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formation of the great masBes of storm clouds from which most of our winter 
rain and snow fails ; but it should be noticed that in such cases the yorious 
processes by which the mixing currents have been cooled to their dew-points 
continue in operation after mixture as well as before; and tliat the greater 
aonount of condensation is to be expected from these continuous processes 
rather than from mixture, whose cloud-making ceases when the intermingling 
is once accomplished. 

The process of mixture of diEEerent air masses is more often the oause of 
the dissolution of clouds than of their formation. When an ordinary morning 
cumulus cloud rolls forward as it rises and its margins mingle with the higher 
air that its ascending currents enter, the mixture of the saturated cloud-bearing 
streams of air with larger volumes of clear and relatively dry air alongside, 
ordinarily enables all the condensed vapor to dissolve again. The same 
process must be common in lofty cirrus clouds, whose minute and thinly- 
scattered ice crystals are frequently evaporated along the feathery margin of 
the cloud, whore, according to the theory of cloud-making by mixture, the 
cloud should be densest. 

It may be well to refer briefly to another inefficient process often mentioned 
08 producing clouds. This Is the ascent of warm, damp lower air into the 
cold regions of the upper atmosphere.” It is true that the upper air is cold, 
and that ascending currents ])ocome cloudy, but there is no reason to think 
that any large part of the cloud moss is due to cooling by conduction to or 
mixture with the cold and generally dry upper air ; for if so, an ordinary 
cumulus would be only a hollow shell of cloud. The ascending current 
becomes cloudy by reason of its own mechanical cooling, os has been fully 
considered on earlier pages. 

208. Haze. There are all gradations from a sky of perfect clearness to 
turbidity of varying degrees of density, known as haze. This is sometimes 
the i)roduot of forest fires, such os arc frequent on our western mountains in 
dry summer weather, when the transparency of the air for hundreds of miles 
to leeward is lost for weeks together, and only the nearer hills remain in sight. 
In northern Europe, the smoko from the huniing of extensive peat bogs some- 
timcH dulls the sky over large regions. Haze is sometimes caused by the 
presence of very fine mineral dust, gathered from deserts and suspended or 
carried far away by the winds. The islands west of the Sahara ore often thus 
affiicted. In our own ('.ouiitry, the warm southerly winds of spring and 
summer are often hazy, with a glaring sky of pale blue ; the haze is thought 
to be largely composed of water particles, but the cause of their oondeusation 
is not understood. True water vapor is entirely invisible. Pine water 
particles are more easily evaporated than larger ones, not only because they 
have small volume, but also by reason of the sharp curvature of their surface ; 
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it being proved by experiment that evaporation nmy be continued from a 
convex surface after it ceases from a plane surface. The conditions of the 
formation and duration of haze therefore still need examination. When the 
haze pales the blue of the upper sky, and yet leaves distant objects visible 
through the lower air, it is sometimes called cirrus haze. 

210. Conditions that favor clear sky. It is pertinent to introduce in this 
connection the opposite question of the causes of a clear or clearing sky. 
Probably the most effective cause is a scarcity of water vapor, such os charac- 
terizes interior desert regions, far removed from oceans and enclosed by lofiy 
mountains. The skies of such regions are generally dusty, but not cloudy ; 
th^ form the natural contrast to the prevailingly clean but cloudy oceanic 
skies. The higher strata of the atmosphere are never clouded ; the quantity 
of vapor that can exist there is very small, and no effective cause of condensor 
tion seems to operate at great heights. Conveotional action and rapid changes 
of temperature are, as a rule, limited to the lower atmosphere. 

The occurrence of descending air currents is practically prohibitive of 
doud making. It is true that the compression of a mass of moist air, whose 
temperature is maintained at a constant value, will soon cause condensation of 
vapor into mist; but the natural process of compression during descent is 
always accompanied by the generation of heat and a consequent rise of 
temperature, which effectually counteracts the tendency to condensation due 
to decrease of volume ; except in those special cases where the descent becomes 
very slow, as on approaching the ground in winter, and where the heat gained 
by compression is lost by radiation and conduction to the cold surface of the 
earth, producing heavy fogs in cold weather (Sect. 249). The trade winds, or 
the northerly winds that follow our spells of cloudy and rainy weather (Sc^cts. 
294, 315), approach the equator and gain a higher temperature which effectually 
dissipates any clouds that they may at first have borne ; and such winds are 
prevailingly clear, unless prompted to roll over by local conveotion or irregu- 
larity of path. The flow of a cool wind, bearing fog from an ocean upon a 
warm summer land, soon brings about a sufloient rise of temperature to 
evaporate the fog. Quiet air, or air without vertical components of motion, 
allows cloud particles to settle slowly to levels of higher temperature, and 
therefore soon becomes clear ; as on calm summer evenings, when tlie clouds 
produced by oonvectional action during the hotter hours of the day sink down 
and fade away, leaving a dear, star-lit sky. Conduction between adjacent air 
current, appealed to already to produce cloud sheets, may under favorable 
conditions cause them to disappear ; for if a sheet of cloud, borne by a cool 
current, comes in contact with a warm and dry stratum of air, the wajmth 
gained by the former from the latter may dissolve the cloud away and leave 
both currents clear. The mixture of two air masses, one of which is doudy. 
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is quite as likely to produce clear air as to increase the cloudiness ; the 
disappearance of clouds on the rear of our stormy aretis when fair weather is 
approaching may be in good part due to this process. 


211. Classification of clouds. The previous sections have described the 
forms of clouds produced in different ways. Tlie descriptions have, however, 
involved certain liypotlietical explanations, which may not in all cases be 
correct 3 these may servo ns suggestions for deliberate investigation, but they 
are not serviceable as guides in recording the occurrence of clouds at the hours 
of regular observation. It is therefore advisable to classify clouds in some 
simple manner for convenient record. 

The classification adopted by the Signal Service in this country, and still 
in use in the Weather Bureau (Sect. 318), is slightly modified from that of 
Howard, proposed in 1803. A somewhat different system was recommended 
by the International Metoorologioiil Congress held at Munich, in 1892. The 
following table, prepared by Mr. H. H. Clayton, indicates the relations of the 
two systems ; — 


WbATIIKU ISUI^KAIT, 

Cirrufl 

Clrro-HtmtUH 

ClmMJUiiiuhw 

Ouniiilits 

Cuniulu-HtmtUH 

Nimbufl 

Stratus 


INTRIUTATIONAL CONOKRBfl. 

Cirrus 

ClmMslmtus (oliu-atratufi) 

J Clrro-cutmiluR 
Alto-ciiinulos 
CuiiuiUiB 
( fltmto-cuiiiuluB 
( Ciitmilo-iiimbus 
Nimbus 
Stratus 


The following deHcriptioiis np])ly to the toriiiH adopted by the International 
Congress. It is very desirable that uniformity the world over should be 
gained in tonus of this kind. CoiupariBou of observations is otherwise 
impossible. 

Cirrus clouds consist of slender fibres, some times in long parallel lines, 
sometimes in feathery, curled, tangled or clotteil ariungomoiit. Their form 
changes slowly and their movenuuit is apimrontly not so fast as that of donds 
at lower levels ; but as their altitude varies commonly l^tweeu five and ten 
miles above sea-level, their a<jtual v<*lo( 5 itics may bo rapid, from 50 to 100 or 
200 miles (ui hour. Cirrus clouds, as a ruh\ drift eastward (Sect. 147) j but 
they (KJcasioujilly lulvancc^ slowly to tlui west in (ionnection with storms. 

Cirro-stratus clouds. True cirrus fibers im often associated with horizontal 
cloud layers at similar or sliglitly loss altitudes, as if formed by the matting 
together of growing filaments. These layers are often extended in bands of 
considerable length, soinetiiues in parallel trains, straight or gently curved, 
and associated with true cirrus fibres; they may reach all across the sky and 
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from perspecstive seem to converge at nearly opposite points of tlie horizon, 
being then called polar bands or “Ifl’oah^s Ark.” The layers are often more 
or less fibrons, striated, or rippled ; they frequently show a tendency to break 
up into separate clots (cirro-cumulus). Cirro-stratus is sometimes deiiued as 
the product of cirrus sinking to a lower level ; but it is questionable whether 
such descent takes place. Cirrus haze is applied to a thin and even over- 
casting of the sky at high levels, below which various other clouds may float. 
Cirro-stratus is applied to layers of distinctly greater density ; when heavier 
and lower, they are called alto-stratus. If not too dense, the cirro-stratus 
and alto-stratus produce halos around the sun or moon ; and from this, as well 
as from the great altitude of their occurrence, they are known to be composed 
of ice crystals and not of water drops. 

Cirro-cuniTilus. The separate dots or cloud balls into which lofty doud 
layers often break up come under this division. They often closely resemble 
the form taken- by the foam in the eddying wake of a steamer. Wlicn well 
defined and dosdy grouped, they are called maokerd clouds. Cirro-cunuilus 
may also be applied to relatively isolated clouds of moderate size and consider- 
able altitude, from which long cirrus streamers settle down to lower levcda, 
often twisting as they enter currents of different direction from the one in 
which the supplying cloud is carried. These are in realiiy little snow-flurries 
in the upper air ; the long, trailing fall of enow sometimes x'cmains after the 
doud at its source has ceased to act and has dissolved away. 

Cumulus. This form of doud has already been so fully described 
that little need be said of it here. Its flatter forms, often gi-ouped dosdy 
together so as nearly to overcast the sky and common in fail* windy weiitlu^r, 
are called strato-cumulus. Its still lower ragged forms, often assumed during 
the early stages of doud growth and in storms, are called fmotfHnmulufi. 
Higher smaller forms are named alto-cumulus. 


Cumulo-nimbus is the name given to the large overgrown cumulus clouds 
that have reached the dimensions of thimder storms, having above tlio « thunder- 
heads” an outflow of alto^tratus or cirro-stratus, with a fibrous margin some- 
toes called “false drrus.” The under surface of these extended overflows 
from cumulo-mmbus douds is sometimes cnrionsly festooned, where the filmy 
doud layers settle slowly to lower levels. 


^atus.^ This name was originally applied to low-lying fogs, such as form 
at night or in cold, quiet winter weather on lowlands or in valleys ; it has been 
eluded to mdude low foggy doud sheets floating overhead, but with the Imso 
at a moderate height. It should not be applied to thin cloud sheets oomiuonly 

altoj^^. When lying on the ea^h, the stratus cloud is simply colled fog. 
Nimbus. Any extended cloud from which rain or snow is fallimr is 

.»1M Bimta , H i. by sfeatB., U 
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by alto-stratus. As this refers rather to the state of the weather thou the 
Tfl-nfi of cloud, the term is not entirely satisfactory. An observer on a high 
MU, receiving rain from a dripi)iug cloud not far overhead, would caU it 
nimbus ; while an observer on on ailjocent lowland might call the same cloud 
by some otlier name. A heavy cloud sheet, hanging at a moderate height and 
threatening rain, would be caUed stratus by an obseiwer where rain had not 
begun j and nimbus by another a few miles away where rain was already falling. 
It is often preferable to employ some indefinite term, os overcast,” when the 
cloud evenly covers the whole sky and its nature cannot be determined. 

212. Altitude of clouds. Simultaneous observations of the angular altitude 
and azimuth or direction of clouds made by two observers communicating with 
each other by telephone from stations a mile or more apart serve to determine 
the height at which the clouds fioat, their dimensions, and the direction and 
velocity of their motion. Simultaneous photograplis of clouds from different 
stations liave been used in the same way. This style of observation might be 
taken up to adv£intage by observers who can provide themselves with suitable 
instnunents for angular measurements, and can use a telephone connection 
between tlicir stations. 

The following series of altitudes (in meters) have been determined by 
recent measurements in Sweden, and at the Blue Hill Observatory near 
Boston; the comparative table being prepared by Mr. Clayton, observer at 
the last named station.^ 



Blus Hill, Mabsaguusbtts. 

Kimd up Oloud. 

SUMMBB llKIOHT. 

WlOTBR HBIOUT. 

Moaii. 

Erz. 

Min. 

Moan. 

Max. 

Hln. 


Metera. 

Meters, 

Meters. 

Meters. 

Meters. 

Meter ». 

Cirrus 

0023 

14030 

6302 

8061 

11600 

3704 

High Clrru-slratus 

8764 

12134 

5521 

7840 

8612 

0823 

Xiow Clrro-atratUH 

0481 

12060 

2200 

2030 

... 

. . . 

CirrcMJttuiuluH 

7000 

10520 

4772 

0002 

8670 

4671 

High Allo-ounmluH 

0400 

8204 

3110 

. . . 

. . . 

. . . 

XjOW Alto^mnuluH 

3108 

7047 

784 

2884 

. . . 

. . . 

StratcMsamuluH 

200:) 

3328 

1100 

. . . 

. . . 

. . . 

“False ClmiB” 

8242 

12300 

6302 

. . . 

. . . 

. . . 

Cuiimli>-nlml)us (top) 

. 

. . . 

. . . 

. . . 

• ■ • 

. . . 

Cumulo-nimhuH (base) 

1202 

1600 

884 

1652 

2068 

1040 

CunmluB (top) 

2181 

. . . 

1466 

. . . 

. . 

. . . 

Cumulus (base) 

1473 

3682 

001 j 

1381 

2000 

632 

Nimbus 

712 

1720 

06 ' 

. . . 

. . . 

. . . 


583 

2060 

120 

603 

• . . 

. . . 


See Annals Harvard College Observatoiy, XXX, 1802, 202. 
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Jfeiers, 

CimiB 8878 

High Ciiro-atratcifl 0264 

Low Cirro-Btiatiis . ' 6198 

Clzro-omnnlTiB 6465 

Hlg^ Alto-cnmiilns 6680 

Low Alto-conmliia 2771 

Sttato-comulua 2331 

“I'alflo Ckras” 3807 

CuiniQo-iilinbus (top) 2848 

Comulo-nliKihns (base) 1406 

Ctunolufl (top) 1866 

Cumaliia (base) 1380 

NJnihns 1527 

StratDfl 023 


AfeterM, A/riefa, AMira. 
8271 10410 0148 


0387 7.*M)8 6233 
4602 4018 4174 
2744 384-1 1182 
1788 28:)0 038 

2604 3616 2008 

2181 2097 114(3 
1401 1001 020 
1004 6741 017 
008 


The prevalence of the different cloud forms at certain altitudes is more 

dearly brought out by the foUowing table from the ssune source iw the 
preceding one. 


Mbajt HEiaHTs AND Veiooitibb of Difpebbnt Cloud Pobmh, 


Blub Hill, Mass. 

(OliATTOX & BlEBOUBSOlf.) 


Summer'' 

1' 

k 

' Clmu Level. 

2" Clno- 
onmnluB. 

3- Alto. 
aunialnB. 

biU 

[Height (meters) . . . 

. 0767 

8228 

4228 

year. J 
Whiter 

1 Velo(5ity (met per see.) 

1 Hel^t 

. 28.0 

24.1 

11.2 


. 8012 

6030 

3484 

year. J 

\ Velocity 

. 43.0 

40.0 

20.2 

Year. \ 

[ Height 

■ 8884 

6033 

3860 

1 

! Velocity 

. 36.0 

32.6 

16.7 


4* Owill- 

uluR. 6* StratuB. 
1067 603 

8.0 7.2 

1671 464 

13.7 10.2 

1014 608 

1L3 8.7 


Summer 

liall ^Height . 
year. J 
Winter -j 
ludf ^Height . 
year. J 


Year. 


(Height . 
I Velocity 


Bbblin, Qbrmaky. 
(VBTTnr.) 



4620 

2306 

1310 

646 

- 

3070 

1976 

1000 

440 

7220 

17.1 

4020 

14.0 

2200 

11.7 

1100 

10.7 

400 

10.2 
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AltiLOUgh. the heights of the several cloud levels vary from summer to 
winter, the ratios of the successive heights are essentially constant for the 
year, as appears from the following numbers : the height of the stratus level 
being taken as unity for each half year. 

Level 1. 2. 8. 4. 6. 

Ratios of oloud levels ( Summer ... 1 3.0 7.6 16.0 17.8 

at Blue Hill, Mosa 1 Winter. ... 1 3.4 7.7 11.1 17.0 

The height attained in summer, especially by clouds of middle and upper 
levels, is generally greater tlion in winter. 

218. Observations of clouds. Weather records should include a statement 
of the kind and quantity of clouds seen at the usual hours of observation, with 
their direction and relative velocity of movement. If it is desired to determine 
simply the relative frequency of clear and cloudy weather, little trouble need 
be taken to classify the clouds, as their nomenclature is a matter of difficulty 
because of the frequent occurrence of forms which the observer cannot surely 
refer to any class ; but if the observer wishes to learn something of atmospheric 
processes for himself, he should give at least as much time to cloud observations 
as to all the other records together. The various kinds of clouds should be 
carefully distinguished; the changes from one form to another should be 
noted, and the relation of the various forms to weather changes should 
be thoroughly studied oiit. Descriptive accounts must be often added to the 
brief terms by which clouds are named ; sketches and photographs are of much 
service in giving definiteness to the record. Instniction in this subject is 
difficult from the great variety of oloud forms; it can be best gained by 
reference to photographs or well-executed i)lates, as verbal descriptions are 
generally insufficient. It must frequently happen that observers taught only 
from books will use different names for clouds of the same kind. 

The quantity of each kind of cloud should be determined separately ; the 
oloud area is estimated in tenths of the sky occupied by the clouds. In 
general descriptions of the weather, less than is called dear ; from to 
fair ; more than cloudy ; overcast is often used to denote an even and 
complete covering of the sky by clouds of any kind. Cloudless is more 
emphatic than clear, and refers to a sky in which no clouds are seen. 

The direction and velocity of cloud movement are commonly estimated 'by 
eye ; as “slow from the NW,” or “ fast from E.” It is desirable that a more 
accurate method should be introduced ; for the direction of oloud movement is 
remarkably steady for hours together and is susceptible of measurement within 
a few degrees ; and the velocity of cloud drifting is certainly a very important 
element in weather changes. The direction is best determined by noting the 
path of the reflection of the cloud in a horizontal mirror, at which the observer 
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looks through, an eye-piece that remains fixed during the observation. If the 
0y-0.pi0(>0 is placed so that the refiection of a certain part of the cloud falls Qfh 
the center of the mirror, and after a few seconds a radial arm is turned so a.s 
to bring its edge on the position then taken by the cloud, the edge of the arm 
win lie parallel to the cloud's motion, on the admissible assumption that tlie 
cloud is drifting in a horizontal plane. After setting the arm, it is well to 
wait again a few seconds to see if the cloud reflection travels along the line 
thus marked. Without such instrumental aid, the direction of clouds tmder 
30 ® altitude cannot be safely taken ; but with a mirror the directions can bo 
weH determined even down to ten degrees from the horizon. 

If the eye-piece through which the observer looks at the cloud reflection is 
always held at a certain height over the mirror, then the relative velocity of 
the doud drifting can be measured by counting the number of divisions on the 
radial arm passed over by the cloud in a given time, as ten seconds. This 
provides a simple and uniform scale for record, much more closely comparable 
at different times and places than mere estimate by the unaided eye. 

Assuming that each cloud of a class lies at the level determined for others 
of its kind, the estimates of velocity here described can easily be reduced to 
actual velocities. Measurements of this kind are strongly recommended to 
interested observers. 

In studying the movement of clouds, it is desirable to discriminate between 
the generally slow structural movement of one part of the cloud with respect 
to the rest, and the more rapid bodily drifting of the whole cloud in the air 
currents. Ordinary records refer only to the latter movement. It is important 
to note also the manner in which the margin or filaments of a cloud grow or 
dissolve 5 and the process by which a cloud changes its form from one class to 
another. The suggestions of Section 204 should bo borne in mind in this 
connection. 

214 . Sunshine records. An automatic record of the amoimt of sunshine 
— the converse of the amount of doudmess — is obtained by various instrumenta. 
Some employ a sphere of glass by which the sun's rays are focused on a 
curved sheet of paper at all hours of the day ; others secure a photographio 
print of the track of a fine solar ray that falls through a minute aperture 011 
sensitive paper. In all oases, even a faint cloudiness over the sun may be 
recognized by a weakening of the record, and heavy clouds covering the sun 
prevent any record being made. The hours of sunshine for a month, divided 
by the total number of day-time hours in the month, give an indication of the 
prevalence of clear or cloudy weather. 
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CHAPTER X. 

OYOLONIO STORMS AND WINDS. 

216. Unperlodlc winds. In all that has preceded, the reader will hiid no- 
explanation of the frequent irregular changes of wind and weather. The 
explanations thus far given account for the diurnal wanning and cooling of 
the air, for the progressive change from winter to summer, for the gradual 
variation of our prevailing winds from soutliwoBt in summer to northwest in 
winter, for their greater velocity hy day and their falling off nearly to a calm 
at night, for the inflow and outflow hy day and night on coast lines, and for 
the regular diurnal up and down currents in mountain valleys ; but nil this 
gives no mention of the shifting of the wind from one direction to another os 
spells of cloudy and rainy weather pass hy, leaving the sky clear behind them. 
Some additional explanation must be found for the southerly winds of winter 
that spring up after a time of calm, bringing cloudy skies and rain, often 
increasing in velocity after sunset, and even causing a rise of ti*mi)orature 
during the night ; followed perhaj)S the next morning by winds vu(»ring to tlio 
west and noriliwest, when the sky clears and the temperature rapidly fulls, 
oven without tlie customaiy rise at noon. These qiiic'^kly-shifting winds belong 
with the stormy disturbances of the general circ.ulation, to bo considered in 
this ohaijtcr. As they spring uj) at irregular intervals, being bri(‘f and light 
or longer and stronger as may happen, they were referred to a group of stormy 
winds in the classification already given in Section i;i8. 

216. Cyclones, thunder storms, and tornadoes. Winds of this group are* 
intended to include all those whoso causes caunot be clearly roforrod to some 
periodic cliango of temperature, and which are yet certainly dependent directly 
or indirectly on difPoronoefl of atmospheric teni])orature controlled by the sun. 
Wc may now subdivide tluun, taking as the first c.hiHH those largo disturbances 
so commonly shown on the weather inai)s tis arnafl of low barometric pressure,. 
500 or 1000 miles in diiunoter, imc.ompanied by Hhifting winds, great areas of 
cloud and smaller areas of rain or snow ; theses will bo called cyclones * or 
cyclonic storms. Tin? second class ine.buh^s those snuiller distiu'hances, 
consisting of clond masses, t<»n or a hundred mih's in length, advancing 
broadside or obliquely across the country, giving foiiih drenohing rain, and 
known as thunder storms from their electric display. A third class includes 
the violent whirlwinds of excessive destructive force, accompanied by a 


1 Seo nolo to Section 200. 
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pendent fnnnel cloud from a much greater cloud mass above ; these, although 
commonly called cyclones in this country, will hei^e be referred to as tornadoes. 
Cyclones, thunder storms, and tornadoes, when fully developed, all possess 
active or violent winds, and are therefore often referred to under the general 
word, storms. They all develop clouds so rapidly that rain or snow falls from 
them, thus causing mucli more benefit than the occasional harm that is caused 
by their winds. All these irregular winds possess the common feature of 
progression as a whole from place to place, being in this respect unlike all 
other classes of winds. 

Beginning with the largest of these disturbances, it should be noted that 
their more characteristic examples, which will be called cyclones or cyclonic 
storms, may be associated in a graded series with disturbances of less and less 
violence until the distinguishing features of their class are hardly perceptible. 
Their winds may be gentle, their centi'al low pressure faintly developed, their 
doud area small and their rainfall practically wanting ; and yet under the 
various names of areas of low pressure, barometric depressions, and barometric 
minima, all these weak disturbances should be classified with the distinct 
cyclonic storms in which the same features are more fully developed. In 
this chapter, however, only the stronger examples will be considered ; leaving 
some mention of the others for the chapter on Weather. 

It is .advisable to divide cyclones into two subordinate classes, and to 
consider, first, those which originate in the torrid zone near but not over the 
equator, and which are therefore commonly called tropical cyclones j ^ second, 
those which are first seen in the temperate or frigid zones, and which may 
therefore be called extrartropioal cyclones or cyclonic storms. These two 
clasaes are closely alike in many respects, and when tropical cyclones move 
poleward along a curved path into one temperate zone or the other, as is their 
habit, they cannot be distinguished from the stronger examples of the extra- 
tropical cyclones ; but the two classes are unlike in certain striking features, 
as well as in the conditions of their formation, and good reason will appear for 
referring them to different conditions of origin. 

Tropical Cyclones. 

817. Tropical cyclones are vast whirlwinds, from one to three hundred 
miles or more in diameter, whose spiral inflowing currents attain destnictive 
violence, near the center, turning systematically to the left in the northern 
hemisphere and to the right in the southern, around a central area of low 
pressure. They are accompanied by great sheets and masses of clouds, from 
which rain falls in torrents, while long cirrus plumes spread out above on all 
sides. In the center of the whirl, where the pressure is lowest, the wind falls 

1 Properly ‘Mnter-troplcal cyclones ** ; but the briefer term Is commonly employed. 
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away, leaving a oalm, and here the rain ceases and the clouds may dissolve, 
showing a clear sky overhead ; tliis central si)ace is therefore called the << eye 
of the storm.” Tlie whole cyclone thus constituted moves slowly along a 
certain ratlier well-defined path or track obliquely westward and poleward 
over the ocean from its sub-equatorial beginning towards the tempemto zone, 
gi’oduaJly turning to an oblique eastward and poleward motion at latitude 26® 
or 30®. 3f land is encountered, the storm weakens, and often dies away. The 
appearance of a tropical cyclone at sea may be described as follows. 

218. Approach and passage of a tropical cyclone. In the torrid zone, the 
ordinary succession of weather from day to day is remarkably constant. The 
range of temperature, the faint double oscillation of the barometer, the periodic 
increase and decrease of cloudiness all show a regularity of roourrenco that is 
unknown in our latitudes. Jf in such a region the barometer is noticed to rise 
luiusually high, or to stand stationary when its diurnal fall is expected, this 
may bo oftim on land the first sign of a (soming cyclone ; but at sea, the faint 
rise of the barometer is preceded by the lUTival of a long rolling swell that 
swings rapidly out from the storm on all sides, so as to herald its (joining oven 
three or four days before its arrival. 

The faint rise of the barometer is felt on nearly all sides of tlie storiu area, 
and it therefore marks wliat may be calhul the pericyolonicj riiig.^ Wlien its 
highest presHurii is readied, the wind commonly fails. Then fine plumiform 
cirnis clouds are schui spreading over the sky from the quartcjr towards the 
storm (MUiter, whudi may then be one or two hundred miles away in the 
direction of the doldrunis ; and about the time of the ap])(uiran(*.e of these 
clouds the baroinettjr slowly falls and the (‘.aim is siuujeeded by a gentle breeze. 
The air becoiues sultry, and the 8unsei.H take on lurid colors. When lirst felt, 
the breeze generally blows five or six ])oints to the right (in the northern 
hemisphere) of the dircMitioii lejwling to the storm center. All these signs 
be(Jonie nionj marked iis the eycdoiuj draws mnir ; the cirrus cdouds thuiken and 
become matted tog<d.lu*r in (drnKstratus form, vtdliiig the blue of tluj sky ; the 
refraction of sunlight tlirougli tluj ice c.rysials of tluj (douds forms halos around 
the sun or moon, with the orang(j or red c.olor on the inner and the blue on the 
outer side of the c.ircle. Lattu*, the nuiss of (douds becomes so thick os to 
obscure the sun, and leave tluj nppiu* air evenly overcjast. The winds liave 
frcjslumed l)y tliis tinuj, and blow to the riglit of a low and distant mass of 
dark (doud ; isolated pat(dies of (doiul are scum to form at one side, ineroase in 
sizi*, and flow in t(j join the central nimbus jiuihh. The wind increases to a 
galc!, the waves rise on the sea, the dark (douds ai)])r()a(di, tliiokeniug as they 
como, and rain begins to fall from tlic.m. TIkj storm (jenter may bo then fifty 
or more miles away, ml van (dug slowly with the wliolo system of whirling 

^ Seo American Meteorological Journal, July, 18HC. 
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■windfl at a rate of eight, ten, or twelve miles an hour. The bajometer 
oontinoally sinking, and at last falls rapidly j with this the roaring wind 
increases to full hurricane strength, the low scud clouds fly before its blasts, 
the lightning flashes, the rain descends in drenching torrents, cooling the 
sultry air. All the elements are in uproar ; yet only a day or two before 
there may have been no sign of the coming storm, except the ominous heaving 
of the sea. 

Before the law of storms was learned, many a ship was borne before suoli 
a hurricane, with all sails furled or blown away, helpless in the violence of 
the winds and waves ; and when the vessel was at last about to founder, the 
wind suddenly weakened to a calm in the eye of the storm i falling from its 
greatest violence to an almost perfect repose in fifteen minutes or less. The 
rain ceases, even the clouds may break away, showing the blue sky by day aiicl 
the stars by night ; but the waves still roll and toss, and in even more dreaded 
form than in their regular heaving before the hurricane ; for in the eye of the 
storm they swing in from all sides, and pitch and heave tumultuously, forming 
irregular pits and peaks of water which strain a vessel violently, even to 
leaking and sinking. A few careful records made in the calm storm centor 
while passing over a land station show a peculiar change in the temperature 
and humidity of the air. Underneath the surrounding heavy clouds, the Jiir is 
somewhat cooled and held close to its dew-point by the rainfall ; yet the air 
within the calm center has been found to be comparatively dry with a 
temperature unduly high ; but it is not yet knovm if these features always 
prevaiL The diameter of the calm space may be ten, twenty, or thirty inileB, 
perhaps a tenth or a fifteenth of the diameter of the whole storm ; and its 
duration in passing a given point may vary from half an houi* to two hours : 
the barometer reading in the center may be even less than 27 inches. 

As the hurricane on the further side of the central calm approaches the 
observer, its moaning can be heard in the distance, rising to a poi*teutous roar 
as it comes near, and then breaking suddenly with as great fury os the 
hurricane which died away before, but its direction is now the reverse of that 
of the winds by which the calm was preceded. All the elements of the 
oydone now re-appear; the blasts of the vrind beat up the waves to their 
greatest height, the clouds hang low and heavy over the darkened sea, the rain 
falls again in torrents ; c'lnd then as the storm gradually moves away, nil these 
signs of its activity weaken. In the course of a day or two, the barometer rises 
nearly to its usufd height; the wind dies down, the waves fall to a long low 
swell, the lo^er clouds recede, the lofty cirrus plumes retreat after them, and 
the sky is left in its accustomed dearness. 

219, Law of storms. Until about 1830, there was little knowledge of the 
systematic courses followed by the winds in cydones, and ships at sea were at 
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the mercy of every storm. Near the beginning of this century, Capper of the 
British East India Company had announced that the storms of the Bay of 
Bengal were vast whirlwinds ; and about 1826, Brandes in Gtermauy approached 
an understanding of the general bad-weather storms of that country. A few 
years later, Dov^ in Germany (1828), and soon after Eedfield in this country 
(1831), gave full demonstration of the systematic rotation of storm winds, and 
of the regular progression of the whole distiubance from place to place. These 
early investigators employed a method of study that has since then been 
generally introduced in preparing our daily weather maps. They gathered 
observations from as many stations os possible, and charted on a single map 
all the facts recorded for a ceiinin deiiiiite time, as for noon on a certain date ; 
then again for midnight; 
for the next noon, and 
so on; thus producing 
what are called synoptic 
maps, and gaining from 
them a series of views 
of actual atmospheric 
processes oviw a large 
region. Facts that can 
be with dililoiilty i>er- 
ceived from observations 
at a single station wore 
brought clearly to sight 
by combining the rr‘- 
cords of many stations ; 
but wliile the prepaiUr 
tion of modem synoptic, 
maps is siinplitied by 
the prompt telegi'aphicj 
concentration of nunujr- 
oua systcinatio ebsGrvjir 
tions mode by trained 
members of a wcMitlier service, as will be more fully described in Chapter XIIl, 
Dovd and Eedfield luul a most laborious task in searching out the scattered 
records of observers who followed no uniform i)lan, and who made no regular 
roi)orts to tOny central office. 

Ellies based on tlicse discoveries were soon framed, by which the mariner 
may generally avoid the more dangerous central hurricane winds, and even 
utilize the more moderate marginal gales to hasten on his way. At first, the 
surface winds of cyclones were thought to move in oiroles around the center ; 
but it has sinoo been shown that their incurvature from a circular course in 
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the outer part of the whirl, and particularly in the rear of the storm area, may 
amount to as much as two or three points — 23® to 34®, — although dose about 
the center the movement of the wind is much more nearly circular. The 
isobars and vorticular winds of a violent hurricane on the coast of Florida at 
Greenwich noon, August 22, 1887, are illustrated in Fig. 53. The steamer 
« Knickerbocker ” passed through the center of this cydone in the evening of 
August 23 ; in the afternoon, the wind blew a hurricane from the east, with 



Fig. 64a. Pio. 646. 


heavy rain, the sea a mass of foam ; at 9 p.m., the wind suddenly Inllnd ; at 
10.16, the wind suddenly came out of the west-northwest with fearful violence, 
terrific rain, and the sea was again lashed to foam ; the next inoriiing, the wind 
moderated with rising barometer, as the vessel steamed southward and the 
storm moved northward. 

The spiral character of the winds is again indicated in Fig. 54(7. and hy 



Fig. 56. 


showing the winds of a Cuban hurrioano on 
September 3 and 6, 1888; the inorcase in the 
size of the storm between these two dates is 
noteworthy. Fi*om examples like those, a gi*apliic 
index. Fig. 65, has been prepared by our llydro- 
graphic Office, in whicli the winds of any given 
direction are indicated in their average jiosition 
with respect to the storm center ; all thoso from 
the same compass point being on tlio same 
dotted line. But while the surface winds turn 
to spiral courses, the lower clouds follow neaidy 
circular paths around the storm c(»ntcr, and a 


line at right angles to their movement lends 
almost directly to the region of greatest dangler. Knowing the average size of 
the cyclonic area and the signs by which its coming is heralded ; knowing that 
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the oyclonio winds always whirl to the left in this lieinisphero nud to the right 
in the other ; and remembering that cyclones move at a moderate velocity 
westward and polewoi’d while still within tlie meteorological tropics, and 
slowly northward os they pass to higher latitudes, it is possible to perceive 
their coming hetiiuea, and to turn aside from their dangerous centers, thus 
greatly dimiiiisliing the dangers that they bring. 

The essential elements of the rules laid down for mariners arc : first, avoid 
iTinning before the -wind, piu-ticulaily on the right of the track (left in the 
southern liemisijhere), for this may lead the vessel along the incurving path 
towards the storm center ; second, lie to on the starboard tack (port tack in 
the southern hemisphere); that is, trim the sails so as to take the wind on the 
starboard beam or quarter, for in this way the vessel will necessarily sail away 
from the storm center into quieter weather. But it should Ik) added that no 
formal rules will replace the good setuiianship that comes from oxi)erience, or 
save "a vessel from the many unlooked-for dangers of a storm. 

The most dangerous 'portion of a cyclone lies somewhat forward and to the 
right of its c-euter in this hemisphere, to the hift in the other ; for hero the 
winds are usually most violent, luu*e the advanc.iiig <jent(ir of the storm may 
overtake a vessel that is attem])ting to run forward and cross its track, and 
here the curvature of the iiath of tlu^ storm constjuitly brings tlui violent 
center closer to the slii]). Vesseds takem unaware in this dangerous quarter of 
a oyoloiio may h(*- uiiahhi to escape its viohmci^. 

A modem atldition to the olch^r rules for diminishing the danger of storms 
at sea is to fl])rea(l oil on the waves, whertd)y their height is lessoned and they 
break less fre([uently over the vessed. Ev(m a small (piuntity of oil allowed to 
drip from a hag hung over the vessel to windward lias Ihjoii found hy repeated 
experiment to he of great servie.e. 

220. Evidence of convectional action in tropical cyclones. In attcmipting 
to exjdain tlicse viol(?nt e.oium()tions of the atmosphere, we must r(^Bolvo the 
motion of the wind, dV/, Fig. />(), into two eoiu])oiients, one of 
which, AJ)y is dircuited radially inward toward the (*.cntiu', O', 
wdiilo the other, A runs around the centor with inereasiiig 
rapidity jis tlu^ctmter is apjmKudied. In the outer i)art of the 
cyclone, the radial couipoiKMit is almost (‘fpial to tlui circ.ular ; 
near t\n) center, the e.ire.ular eomi)on(*nt is mmdi tlu^ gnuitcr of 
the two. Indeed, if the (dre.iihir e.ompoiuMit .of tlm wind’s 
motion were absent, and the air movcid simply tis a radial 
inflow iiisteiul of in Ji spiral whirl, its vehxdty would ho so 
moderate that it would not reach the violence of a storm wind. 

Different causes control tin* two components of the motion of 
the wind ; we shall first look for the cause of the radial infiow. 
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221. Seasons and regions of tropical cyclones. There are five regions 
ia which trojDical. cyclones appear with characteristic regularity. The first to 
be nCientioned is in the North Atlantic, where they are thought to begin at a 
distance of six or eight degrees north of the equator^ and somewhat towards 
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the warmer western side of the ocean. The cyclones are small when first 
observed, with almost radial winds, hut they incroaHe in size and violence 
and rotary motion as they move westward, then northwestward over the Lesser 
Antilles, still recurving to the right until they advance directly north for a 
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sliort dist8iiC6 opposito Florida^ and tliaiL turn off to tlio noiijlioast alon^ 
or near our ooast^ freq^uently oontinuing as far as northwestern iEhirope befora 
they fade away. It was in the study of these cyclones from 1830 to 1860 that; 
Kedffeld contributed so much to the law of storms. Fig. 67 gives the trac&is 
of many Atlantic hurricanes traced by Redfield and Reid, reduced from one of 
!Bedffeld’s latest essays, published in 1864 ; but it is probable that the curves 
are here too regularly drawn. This map forms the basis for the indications of 
storm tracks on the Pilot Charts of the North Atlantic, issued monthly 
by our Hydrographic Ofi3.ce at Washington. 

A special account has been issued by the Hydrographic Ofidce of the St- 
Thomas-Hatteras hurricane of September 3 to 12, 1889. It was felt on tlie 
Windward Islands on September 2. On the 3rd, it had a diameter of about 
600 miles with a calm center about 16 miles across, and thus passed close to 
the north of St. Thomas. On the 4th, it was north of Puerto Rico, where 
northerly, westerly, and southerly gales were successively felt ; the clouds of 
the cyclone were seen on this day from Turk^s Island, causing alarm until they 
drifted away to the nortL On the 6th, the storm center lay about 300 miles 
north-northwest of Santo Domingo ; its enormous waves hod oveiupiead tlio 
greater part of the western Atlantic in a heavy swell, felt even at Nantucket. 
On the 6th, it w^ midway between Cuba and the Bermudas, still having violent 
winds and heavy clouds and ram. By the 8th, it lay about* 300 miles east- 
southeast of Cape Hatteras, and a northeast gale blew along our cotist from 
M aine to Carolina; on this and the subsequent days, great damage wii» 
done by the surf on the New Jersey coast. The storm moved slowly north- 
ward, and after the 10th, when the center was off Norfolk, its winds weakened, 
and on the 12th its fury was exhausted. Hundreds of vessels that had been 
storm-bound in our harbors set sail in the fair weather that followed. Fig. 5fi 
represents the great cyclone of November, 1888, on the 26th of that month, 
on its way along our coast. Fig. 106 shows the isobars and gradients of tlio 
western half of the same storm on November 28. 

The season at which tropical cyclones are observed in the Nortli Atlantic 
is limited to the late summer and early autumn ; the months in which they 
are commonest being August, September, and October, while they aro 
practically unknown from December to June. Their annual number seldom 
exceeds six or eight ; and only a few of these may reach the greatest violenco. 

In seeking a cause for their coming to the West Indies in the month b 
about the autumnal equinox, it is noticed that in these months the equatorial 
calms or doldrums of the Atlantic migrate farthest north of the equator, and 
that in tracing the cyclones backward along their track, it is in the calm 
region of warm, moist air between the steady trades that the apparently 
convectional overtmning of the West Indian cyclones has its beginning. Such 
a region of quiet air under strong sunshine is the natural seat of the most 
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pronounced conveotional action. The air being quiet becomes •worm and well 
moistened by evaporation ; the warm and moist air becomes imstablo and takes 
on a gradual convoctionul overturning, and from this begimnng the develop- 
ment of the cyclone is thought to proceed. 

In the some way, the western and warmer eqimtoriol Pacific southeast of 
Asia fumishes to the l^hilippine and JapJincHe islands and the neighboring 
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coast of Gliiiia a HU(i(U'.HHion (»C (^y(;lolu^H, theni call<‘(l by tlu^ Chiiieso name of 
ty])li(K)iiH, ill the moiitliH of AiigiiHt, Soiitiunber, and Ocstobtu* nearly every year,, 
when the Pacific doldriiiiiH are fartln^Ht north. It waH eoneeniing oiieof those, 
croHsiiig the Philippine islandH in J8S2 on its UHiial northwestward coiuse for 
that latitude, and making automatic ree^ord of its weather in the meteorological 
observatory at Manilla, that the Ktatements were iiiado al)ove regarding the 
high temperature and low humidity in the calm eye of a cyclone. Certain 
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oyolones that have been traced for a relatively short distance along a north- 
westward course in the north torrid zone of the Pacific ocean west of Central 
AiTiAn'fm. are also supposed to have originated in the equatorial calm belt. 
They are not known to cross the trade wind belt. 

Again, in the southern Indian Ocean, the islands of Mauritius and Eeuniou 
are annually visited by a series of oyolones, here coming from the northeasti 
recurving in latitude 26® or 30® south, and then passing off southeastward to 
the south temperate regions. It was from the study of these that Meldruiii > 
the meteorologibt of Mauritius, was among the first to announce the true 
incurvature of oydonio winds from their supposed circular course. In the 
northern hemisphere, the oydone season occurred when the doldrums stood 
farthest north of the equator ; in this southern ocean, they spring up when 
the doldrums move to their farthest southern latitude j that is, in February 
and March ; thus giving additional confirmation of their convectional origin 
in the bdt of equatorial calms. 

Cyclones are little known in the South Pacific ocean, but are occasionally 
mot with in the region east of Australia, where the ocean is warm and where 
the 'trade winds are weak. Their season of occurrence is in the later summer 
or early autumn of the southern hemisphere. It was in this region that a 
hurricane in March, 1889, wrecked or injured many naval vessels belonging to 
different nations at Apia, Samoa ; and that a hurricane in March, 1886, was 
severdy fdt on the Fiji islands. 

Cyclones occur wilh dreaded violence in the northern gulfs of the Indian 
Ocean, particularly in the Bay of Bengal. It was in the study of these storms 
that Piddington first proposed the name oydone, fifty years ago ; and here in 
later years the Meteorological Service of India has gathered the fullest 
information now in hand conceming the early stages of oydonio action. Tlio 
violent oydones of the Bay of Bengal are unlike those of other ports of tlio 
world in occurring in two seasons instead of in only one. They occur in 
the southern and central parts of the Bay first in April, May, and June, and 
again in October and ^November. In the intervening summer montlis, less 
violent cyclonic storms are formed in the north of the Bay and on the land. 
Their general progression is to the northwest, but they turn more to the north 
or even to the northeast in the earlier and later months of the year. Quod 
reason for the double season of occurrence of the more violent cyclones is 
found in the prevalence of calms over the Bay of Bengal in these two seasons 
of the year : first, when the sun advances northward, and again when it returns 
southward ; while the oydonio storms of midsummer are formed farther north, 
but often on land, corresponding to the northernmost position of the heah 
equator. This gives still further ground for ascribing tropical oyolones to the 
calm areas of the migratiag equatorial belt. 
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222. Tables of cyclone frequency. The tropical cyclones in the four 
chief regions of their occurrence have been tabulated by various meteorologists 
to illustrate their distribution through the yeai', as appears in the following 
lists. The numbers are not strictly comparable, for no precise standard of 
violence is yet adopted to determine whether a storm slioll be counted or not. 
In most of the examples, the storms have not been traced backward along the 
track to their source. 


Locality. — Auruuu. 

pbiuod. 

1 

i 


•jiiv 

1 

June 

July 

Aug. 

Sept. 

1 




West ftulica. 

Poey .... 
China jSecu. 

1403 to 1866 . 

6 

7 

11 

0 

6 

10 

42 


80 


17 

7 

366 

BohUck .... 

86 yoors . . 

6 

1 

6 

6 

11 

10 

22 


68 

36 

10 

0 

214 

Nay qf Bengal, 
Blonford . . .. 

To 187(J . . 

2 

0 

2 

0 

21 

10 

3 

4 

0 

31 

18 

0 

116 

Eliot .... 
Arabian Sea, 

1877 to 1801 . 

- 

— 

- 

— 


17 

27 

24 

28 

18 

21 

7 

162 

Chambors . . . 

To 1881 . . 

4 

3 

2 

0 

13 

20 1 

2 

2 

3 

4 

10 

2 

74 

Eliot .... 

To 1888 . . 

2 



8 

U 

6 

0 


1 

3 

a 

1 

87 

8 . Indian Occtifi, 
Meldrom . . . 

1848 til 1801 1 




3:1 

24 

11 

11 

1 

2 

1 

1 


0 

0 

2 

3 

14 

18 

20 

10 

270 

108 


The list of cyclones for the West Indies includes all tlie violent storms of 
that region mentioned by older and newer jiuthors down to 18.55. It is higldy 
probable tluvt a number of storms noted in the winter mouths do not really 
belong to the class of tropical cyclones. A tabulation has be(Ui made for this 
region in nweiit years by h’inley. 

The figures for the Jhiy of Bengal for 1877 to 1891 iiududo many cyclones 
of moderate size and intensity that formed in the north of the Bay or over the 
adjacent land, where they were dot(^ot(Hl on the daily weather maj>B of India. 
These do not exhibit a double period sucli as a])i)c«irH in the earlier list, whieli 
includes only the larg(?r and more viohmt (jyedonos, whose origin was in the 
central or southern part of the Bay. The lat(^ winter stonns of the Arabian 
sen included in tho list by Clluunbcrs ])robably originated, at least in part, in 
temperate latitudi^s north of the sea, and Hhoul<l not be included with the 
rest as of tropical origin. 

Tho data for tho South Indian ocean have Ix^en osx)ocially furnished by Mr. 
Meldnun of Mauritius. The first series of figures includes those cyclones 
whose i)i*ogresBion has been well determined ; tho second series gives the 
storms wliioh have not been shown to change their position, these being 
generally of brief duration. 
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223. Early stages of cyclonic action. In most of tlie oceans tlie early 
stages of cyclones have not been fully observed ; but in the Bay of Bengal, 
where cyclones are relatively numerous, the logs of many vessels passing to 
and fro have been carefully examined for the fortnight before the occurrence 
of storms, and thus the conditions of their beginning have been well determined- 
The most notable antecedent condition obseiwed before the appeai*anoe of a 
cyclone in the Bay and presumably occurring also in other regions of cyclone 
growth, is the uniformiiy of pressure and the quietness of the air over the sea. 
There may be light local breezes, but there is no persistent movement of the 
atmosphere such as prevails during the occurrence of the summer or winter 
monsoon, when the winds sweep steadily across the whole breadth of the 
waters. The quiet air becomes over-warm and moist, and clouds hide the 
sky in the calm region; with this, the pressure decreases slightly, and gentle 
marginal breezes are established towards and around the central district. !Bam 
sets in under the central clouds, the barometer falls to lower readings, the 
winds blow stronger and with more definite courses, all conspiring to form a 
voTticular whirl about the center of lowest pressure. It is probable that the 
irregularity sometimes noticed in the winds at the inception of the cyclone 
results ■from the imperfect development of several low-pressure centers ; but at 
a littlei later stage, one of these alone survives and becomes the eye of the 
cyclone, and the isobars assume an almost circular foim around it. As the 
pressure falls towards its lowest value and the winds attain their greatest 
strength, the center of the cyclone advances from its fii’st vague position along 
the usual northwest course. It progresses with growing violence until it 
reaches the land ; then its on-shore winds sweep the waters of the Bay over 
the low delta plain of eastern Bengal, where the inhabitants have thus been 
drowned by the tens and almost by the hundreds of thousands. !Purtlier 
inland, the storm generally weakens j and on approaching the mountains to 
the north or the elevated plateau country in the south of the i)eninsula, it 
fades away. The early stages of storm growth are here so well observed and 
indicate so clearly a convectional beginning for the cyclone that this theory 
of their origin here and in other parts of the torrid zone is now generally 
accepted 

While the foregoing paragraphs give good reason for associating the 
formation of cyclones with convectional action in the equatorial calms or in 
the weaker pai-t of the trade winds, no full explanation has yet been given for 
their limitation to special seasons of occurrence, when the calms are furthest 
from the equator. The conditions for convectional overturning are always 
present in the equatorial calm belt in a greater or less degree ; the air there 
loiters about, moving gently in light baffling breezes, reaching as high a 
temperature as is foimd anywhere over the ocean, always well moistened by 
evaporation from the^sea, and ready to ascend whenever cooler, heavier air 
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flows in beneath it. Some additional reason besides instability must therefore 
be found to limit the development of oonvectional cyclones to that season when 
the calms migrate on the sea surface farthest from the equator, either into the 
northern or southeni hemisphere. The reason sought for may be found when 
it is remembered that a direct oonvectional indraft of the surface winds cannot 
alone produce any whirling motion, and that the teiTiflc bLosts of the wind 
near the center of tropical cyclones are always in iui almost circular path. 
Cyclones must therefore bo essentially voiiiioular storms, and although begun 
by oonvectional action, some BUjqdcJincntary cause must set them in rotation. 

224. Effect of the earth’s rotation. Tropical cyclones being essentially 
vorticular storms, a sufficient exphuiation of their occurrence only when their 
place of origin is removed from the equator must liavo already come to mind 
from the account of the deflecting action of the earth’s rotivfcion given in 
Chapter VI. Instability tuid coiiv«^ctioii occur in the doldnuns at all seasons, 
os shown hy the numerous thunder storms and heavy rains of the nnlm 
belt, but the establishment of a oonvectional whirl witli a dofluito direction 
of rotation can take ])Lw,o only when the doldrums are far enough from the 
equator to give the deflecting forc^e an efre«»tivo value and allow it to require 
the winds to depart systematittally from directly radijil lines of inflow. The 
departure of all the inflowing winds being to the right in this hemisphere, or 
to the left in tlii^ other, they must all (ionspire to i)rodueo a left-handed whirl 
if they begin north of the equator, or a right-handi^d whirl if they are developed 
south of the equator. The origin of tlu^ eirc.uiufermitial comi)onent of the 
wind’s motion, A’, Fig. Hfl, is thus muionuted for. 

Eocjalliiig the (wplanations of Section 1.TJ, it will Ix^ understood that any 
mass of calm air in tli(‘. (loldrums or els(iwli(?re may h(^ eoni])ar(ul to a paper 
disc attached to an artiHeial globe ; or to a vesstd of waten* on a turning table j 
and hoiieo that whihi its j)arts arc^ cpiiet with rcajieet to tlu^ Hurfjice of the sea 
on which they lie, thi\y nevcntheless i)()SBeHS a movemumt of rotation with 
respect to their ceiit<n‘ in (M)nB(upumeo of tludr ri^sidenc.o on a rotating planet. 
The air at the equator eorresiMHids to a stand-still of the tinning table. The 
air ill the calms north of the (xpiator corresponds to the water in the vessel 
when the table is turning slowly from right to left ; south of the equator, 
when the table is turning from lidt to i*ight. The air in tcmi)omte latitudes 
corros])oiid8 to a faatiu' rotation of the table. If tlu^se relations arc appreciated, 
there can he no difliculty in exjdaining tlm limitation of tropical cyclones to 
certain seasons, whiMi the calms in which they begin have migrated far 
enough north or south of the (^piator. 

Recalling next the exiieriineiits with the eddies of water in the rotating 
vessel (Sect. 135), the viole.iUM^ of the cyclonio whirl^ may be ajipreoiated ; 
it being understood tliat while the water eddy is discharged downward, the 
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atixioBp]i6ric eddy is disoliarged upward. It has beon seen that if the wfitor is 
discharged after it has been given a gentle rotation^ the outflowing oiirreiits 
soon develop a violent central vortex, where the velocity of the threads of wati^r 
is much greater than the velocity of rotation at the margin of the vosso.T, and 
very much greater than was seen at any part of the discharge when tliorc^ was 
no rotation. The centrifugal force developed by the rapid whirling <»C tho 
water on a small radius produces a distinct depression of tho water surfs wus sit 
the center ; the whirl may become so violent as to form' an empty (U)Vi^ as a 
result of the excess of the horizontal oentnfugal force in tho whirl ovi^r tho 
downward action of gravity. Finally, the discharge of rotating wsitor rcjeiuircs 
more time than the discharge of quiet water ; from having taken a quartc^r of 
a minute when quiet, it may occupy forty or fifty seconds when rotating. 

These simple experiments illustrate motions that are analogous to tho 
flowing of the surface winds in the oonveotional overtumings of tho equatorial 
calms, with the respective parts inverted. The top of the water con'eaijonds 
to the bottom of the atmosphere. The downward disolmrge of tho watoi* from 
the vessel corresponds to the oonveotional osceiit of the air iii the dohlrnms. 
The direct discharge of the quiet water illustrates the simple coiivoo.tuoiuil 
overturning of the air, when the calms ai'e near the equator and no (iy(doni(^ 
whirls are produced. The whirling escape of the rotating water roproseutK iho 
whirling inflow of the winds when the calms stand far enough from tho ociuutor 
for their breezes to be governed by the deflective action of tho earth’s rotation. 
Moving gently inward at first, the whirling velocity continually incroaH(^H as 
the center is approached, and the wind attains a full hurricane viohnujo (dose 
around the area of the central calm, where it follows an almost circular ]«ith. 

The origin of tropical cyclones thus appears to be well worktMl out. Hoing 
of oonvectioufll nature, they are not formed in the steadily-moving trmb^H, but 
only when the trades weaken in the loitering doldrums, whore tho lowtu* Jiir 
becomes' exoessively warm and moist ; being essentially whirling storiufl, they 
cannot develop when the doldrums are close to the equator, whore tlio inflowing 
currents are not required to unite in forming a systematic vortex ; but only 
when oonvectional action begins at some distance north or south of tlm 
equator. The definite and rational association of these various condition h of 
storm growth gives warrant for much confidence in the oonvectional theory of 
the formation of tropical cyclones. 

225. Absence of tropical cyclones from the South Atlantic. All the torrid 
oceans are visited by tropical cyclones, except the South Atlantic. They arc 
not common in the brood South Pacific ; but they have been observed thero and 
with terrible violence, as at Samoa in 1889. But the south torrid zone of the 
Atlantic has no record of true oydones. The reason for this peculiar exception 
is apparent when the attitude of the doldrums in January and February is 
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examined in Fig. 69. The shaded areas in this figure represent the location 
of the equatorial rain belt for the northern and southern positions of the heat 
equator. The trades 
die out os they enter 
this belt, their limits 
being indicated by 
broken or dotted lines, 
and the calms of the 
doldrums are found 
between these limits. 

The calms migrate 
about ten degrees 
northward in our late 
summer, and there give 
forth cyelones that 
travel off toward the 
West Indies ; but they 
never migrate so far 
south of the eciuator, 
being held back by the 
great current of rela- 
tively cool water that 
advances from the 
Antarctic ocean along 
tlie west coast of Africa, as lias already been dwelt upon in describing the 
distribution of t<iiiii)oraturo (Hoot. 82). The Soutli Atlantic is therefore the 
only ocean into whicdi the doldnuns do not migrate. It is also the only ocean 
not visited by tropical cycloues. 

326. Latent heat from rainfall. When tlie cloud moss of a cyclone is 
formed and its rainfall has begun, then not only the sensible heat of the warm 
air but the latcuit heat of the eoiuleused vapor jiromotes the conveotional action 
of the stonn. Tluj consideration of this double proooss has already been given 
in the cha])tev on clouds: hero one of its most important applications is 
encoiiiitored. As the warm air aH(H'.iids in its spiral whirl around the central 
region of a eyeloiio, it must (ixpand ; and at first it dmws only on its sensible 
heat for the energy needed to jhihIi away the surrounding air. Its temperature 
th(*H falls at the rapid rate of 1®.0 for every 300 feet of ascent ; but as the 
whole mass is very damp, a moderate ascent is sufficient to reduce the 
temperature sufficiently to ovfti*tnke the falling dew-point and cause condensa- 
tion. At this moderate altitude the clouds begin to form. Expansion 
continues dunng ascent to greater heights, but the energy for expansion is 
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then drawn from two sources ; a part comes from the sensible heat of the 
asoending air, and the remainder from the latent heat of the vapor that is 
condensed in the ascent. 

Here, as in all cases where vapor is condensed, it may be looked on os 
giving up the store of energy that was acquired from absorbed insolation whiui 
the vapor was formed, perhaps many days before and hundreds of iiiih^s away. 
In the case of tropical cyclones, the store is abundant and its aid is must 
effective. The cyclonic inflow comes at first from the doldrums, and aftt^r- 
wards from the trades when the storm area increases and when its progrosaioii 
carries it to higher latitudes. The air thus supplied has a high tenii)eraturo 
and a high relative humidity. Enormous masses of heavy clouds ai*e formed, 
and rain falls from them in drenching torrents. The diagram in Se(?tion 1 97 
Tip-fl shown that it is precisely under these conditions that the liberation of 
latent heat causes the greatest retardation of cooling in an ascending current, 
and that a convectional ascent may reach its greatest height. The greater the 
altitude of the cyclonic mass in which the temperature is higher than that of 
the surrounding air, and tlie greater the excess of the central teni])(U'atiir(^, the 
stronger the gradients and the more violent the winds. As both the ox(*.esH of 
centri temperature and the altitude of ascent are greatly promoted at high 
temperatures by the condensatiou of vapor and the liberation of its latent lu»it, 
it is manifest that the presence of vapor is a very important element in the 
development of tropical cyclones. 

In order to realize the enormous amount of energy needed to develop a 
tropical cyclone, we may quote a comparison that has been drawn b(itw(‘ou 
such a storm and a large ocean steamer. The air in a cyclone 100 niih^s in 
diameter and a mile high weighs as mneh as half a million 6000-tou ships ; 
and yet this enormous mass is set in rapid motion, averaging over 40 mil(*H an 
hour, in the course of a few days, and its motion may be continued for a week 
or more. Again, the Cuban hurricane of October 5-7, 1844, is calculatcMl on 
very moderate estimates to have worked during the three days of its ])rogi‘(^HH 
along our southern coast with an energy of at least 473 million horH(V])ow(«r. 
i The continued maintenance of so enormously powerful a disturbauce (uills for 
the rapid supply of a vast amount of energy 5 just as the active steaming of a 
large engine calls for a plentiful supply of coal under its boilers. In the enso 
of a fully-developed tropical cyclone, it is believed that the energy is e.hiofly 
supplied from the latent heat of the heavy rainfall ; and reosonnblcj estimati's 
of the amount of condensation within the storm disc show that this source of 
energy is ample in amount. 

227. Occurrence of tropical cyclones chiefly over the oceans. The torrid 
lands of Africa and South America are not, as far as observation goes, visited 
by tropical cyclones. The insular and peninsular lands of southern Asia are 
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reached by oyoloues that come from the adjacent seas, but after leaving the 
ocean, their violence is greatly reduced, and if they encoiuiter high ground 
they are broken up. It is argued from tliis that the development of cyclones 
in the calms of the doldrums is limited to those parts of the belt which ai*e 
most highly charged with vapor, that is, to the parts over the oceans ; and 
further that the maintenance of the storms is difflcult on the land where the 
water vapor is in smaller amount, and where the voiiiicular circulation of the 
lower winds is more or less interfered with by mountains or x:>lateaus. 

3S8. Comparison of tropical cyclones and desert whirlwinds. An 

instructive oomparison may now be drawn between the great tropical oydones 
and the small dusty whirlwinds of desert plains. Desert whirlwinds are 
slender columns of immediate and local formation and of brief action. 
Tropical oydones are broad tliscs of gi*adual and widespread fonnation and 
of long endurance ; their winds and the vapor which is condensed in their 
doudfl may he diwii in from districts several hundred miles away from the 
violent whirl tluit is generated around their center ; tliey may last for a week 
or two, blowing night apd day an<l travelling thousands of miles away from 
their starting point. The desert whirls si)ring up about ten or eleven o^olock 
in the morning, after tlio steepening rays of the sun luivo warmed the barren 
ground and the lower air has been wanned from the ground by conduction 
and radiation. Some little inequality of the siu*fJico or a slight movement 
received from tlio winds aloft canses an u])Sotting of this unstable arrangement 
of the lower air, and an inflow is thus hegiui towards tlio phwto of ascunit ; but 
as the various inflowing currents move for too short a distancx^ to ho systemat- 
ically influenced by tlio earth^s rotation, and 2 us their irregular flow docs not 
allow thoiii to moot ])re(ii8ely at a cemter, they turn a litthi to one side or the 
other according iis the stronger inflow decides, and a little whirl is then 
devoloi)Gd, rotating indiCFerently one way or the other. As its viol once 
incroasoB, dust and sand are gsithered up by the wind and the lofty, slender 
coliuuii IxMiomos visible. It may bo followed to a height of several limidrcd 
or even a thousand feet, where it Hj)r(iiuls out laterally, the coarser siuid soon 
settling down, while the tiiu^r dust is lionie many miles away. The supply of 
warm surface air is soon oxlmusted and the whirl quickly disappears; but 
within half an hour another layer of surface air may bo siiixuheated mid a 
second whirlwind arise from it. So brief a iirooess as this is only a slight 
exaggeration of the invisible convectional movements on whioli the diimial 
increase of the general winds over the land dejiends. 

The formation of tropietd cyclones is much more deliberate. Day after 
day the air lying quiet over the sea becomes warnun’ tmd warmer, the va^ior 
gradually risos by diffusion and by local convection to higher and higher 
levels, nearly saturating a large volume of warm air. Wlien at last some 
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overflow of the expanded air is developed nloft, the more general asooiit anti 
overolonding begins and a creeping in of the surrounding air is oatabliHlied ; 
but all these changes tahe place very gradually. The observer only notes a 
slow increase of cloudiness and a strengthening of the wind os tliu cliiys puHS. 
While the desert whirl quickly spends itself, the tropical cyclone draws upon 
so large a volume of air that it lasts many days ; and the xn'ompt convetitioii 
that would drain away the supply, if the inflow were directly rotlinl, iH*gi‘oatly 
delayed by the systematic deflection of the winds to the nglit or lofh of their 
radial path and the consequent development of a gigantic whirl arciund the 
central area of low pressure. While the desert whirl can continue only during 
the supply of warm air in the hot hours of the day, the cyclone may persiKt 
with undiminished energy over night, not only because the temporatiii'o of its 
broad and thick layer of cloudy air is about the same day and night, but also 
because the greater supply of energy from the latent heat of its ooiideiising 
vapor is furnished at night as well as in the day-time. 

*While thus contrasted in many particulars, these two classes of wliirls are 
alike in one essential feature. The winds of both are driven by the griivitativo 
or downward pressure of a surrounding moss of heavier air, wliicili Hottlos 
down as the whirling lighter air ascends; and tlie essential oaiiBO of tlm 
difference in weight of the central and surrounding masses is found in tho 
higher temperature of the former, dependent in some way on a grtuit<»r 
absorption of insolation. Here, as in all classes of winds, ex(u>ii»t thosc^ 
expressly excluded in Sections 139 and 140, the movement of tho atiiiosphi^rcv 
depends on the interaction of solar energy and terrestrial gravitatioii. 

S29i The eye of the storm. Mention has already been luudo of tlui cuilm 
area within the whirling hurricane winds, where • the pressure is lowtwt and 
where the rain ceases and the clouds sometimes break away, revealing tho 
clear sky overhead. All these features of the center of a strong eyedono stunii 
to be easily explained as consequences of its convectional whirling. As tln^ 
winds are pushed in towards the central area of low pressure, their vtdo(iity of 
rotation around the center becomes excessive and the centrifugal foroo^ 
increases at a very rapid rate, as explained in Section 136. Tho low ‘[)r(^RHuro 
at first caused by high temperature is thus greatly intensified and tho f^radionts 
become very steep near the center. The central pressure sometimes falls ovcui 
three inches below the normal- value of the region; and it is plain tliut os tlio 
winds approach so rarefied a region, they must expand and cool and bccoiiio 
doudy ; it is presumably in great part for this reason that the flying cilouds 
around the eye of a cyclone hong so low over the sea. 

1 Distinction should he made between the true centrifugal force, arising from tho wlilriing 
of the wind around the storm center, and the deflecting force arising from the niovcniont of 
the wind on a rotating earth ; hut as the former Is much the greater of the two in tropical 
cyclones, it alone Is named In the text. 
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The air that ia held away from the storm center by the excessive centrif- 
ugal force there developed aids the oonveotional overflow aloft in forming the 
ring of slightly higher pressure around the storm, already referred to as the 
pericycloiiic ring in Section 218 : here the clearness of the sky and the fresh- 
ness of the air confirm tlie theoretical suggestion that there is a gentle descent 
from aloft ; and this is further demonstrated by the relative calmness of the 
air in the ring of high pressure, and by the slow outward spiral movement 
of the air outside of the ring, perceptible in the cliarts of tlie best-studied 
tropical cyclones. 

The inflowing winds take on almost circular course near the center. They 
are sometunos intensified by brief and violent gusts of terrific strength ; and 
sometimes deflected from their average course by the passage of subordinate 
eddies j but on the whole, the obseiwations reported from vessels that happen 
to be near the vortex of a cyclono agree remarkably well in indicating a 
systematic whirl of the winds around a single center. When blowing in this 
way, nearly all the strong centripetal force on the steep gradients is used in 
overcoming the strong centrifugal force of the violent wind on its small radius, 
and there reniains a forward component of modemte value, sufficient only 
to overcomo the small resistances encountered in wave-making and interned 
friction. At moderate idtitudes, where the resistances ore smaller than at 
searlovel, the wind takes a more neiudy circular course ; hence the movement 
of tho lower (douds is prevailingly a point or two to tlie right (in the 
northern hemisphere) of the surface wind. On land the resistances are still 
greater, and there tins storm winds are more nearly radial tlian at sea. 

The ai)proju‘lL of the winds to tho C(uiter of a cyclone at sea is delayed by 
their having to follow a Hi)iral course ; at tho level of the low-hanging olouds 
the winds are essiuitially circular, and cease fm*ther inflow at a distance of ten 
or fifteen miles from the center of their wliirl. In tlie meantime the convec- 
tional asc(nit of the air around the (‘^nti'jd region is continued; and before any 
port of tho indraft (miu (uiter very closo to tlio (ionter of the whirl, it is carried 
upward to high levels, mid then turned spirally outward at the altitude of the 
upper clouds. A certain bi)Jioo about the center, commonly measuring ten or 
twenty iiiilos in diameter and three to flvo miles high, is therefore inacoessible 
to violent winds ; its air is comi)aratively calm, Jilthougli surrounded by winds 
of luirricaiin Hti*ongtli. T\w empty eddy in tho center of a vortex of water 
and the chiar corn often observed in a dusty whirlwind are analogouB to tho 
(wilm c(uitral area of a cyclone : tho centrifugal force of the surrounding 
currents is so great that they cannot approach closer to the center before they 
are carried away ; upward in tho air, downward in the water. 

The oloarness of the eye of tho storm has been thus explained: The 
hurricane winds that surround tho central calm area must impoi't some of their 
motion to the enclosed air by friction ; the air thus given a rotary movement 
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must thereby acc[uire sl certain centrifugal force^ and thus increase its presHU 
against and its movement with the surrounding hurricane. Some air w: 
thus be withdrawn from the calm center, and carried up in the surroiuidii 
oonvectional whirl. To supply the air thus withdrawn from tlie margin 
the center, the quieter air within must expand laterally, and tlniH alio 
some air from aloft to settle down to the sea, as indicated in Fig. 60 ; fnrtlu: 



Fig. 00. 


more, the depression of the isobario surf^s close around the center is » 
great that an inflow may be developed on them in the higher atiiiORi)hor 
above the level of the whirling storm. If a slowly descending current (san 1 
developed in this way, it is natural enough that it should be clear, becauHo 
will be warmed by compression, and any clouds that may wander iiitc^ it wi 
soon be dissolved For the same reason, if the air descends oxttively ev(ni t 
sea-level, it should be hot and dry, and in strong contrast to the damp an 
somewhat cooled air of the surrounding stormy winds. This is not alwa,> 
the case, although it was so to a marked degree in the hurricane of 1S82 i 
Manilla on the Philippine islands, during the passage of the central cialni. 

It should be noted that while the ocdmuess of the central area may bo full 
explained on mechanical principles that certainly have application in 
whirling storm, the descent of the air m the central space is iiioroly 
suggestion, plausible in certain respects and capable of explaining th 
phenomena for whose explanation it is proposed; but not yet fully voidliisd b 
observation. Observations of the eye of cyclones while they are passing ovt' 
islands may in the future serve to decide this question.^ 

280. Comparison of tropical cyclones and the circumpolar whirl of th 
planetary circulation. The comparison that may be here drawn oidH greatl 
in the understanding of both systems of winds. 

1®. In the circumpolar whirl the center is cold, and the air there {lescends 
the high polar pressures expected from low polar temperatures are rwcluced t 
low pressures by the excessive centrifugal force of the whirling winds ; am 
the expected gradients towards the equator in the lower air are reversed t 
poleward gradients, except in the trade-wind belts. In tropical cyclones th 
central region is worm, and the air there ascends ; the low pressure dim t 
high temperature is reduced to even lower pressure by the centrifugal force o 

1 A full account of the features of the “eye of the storm” is given by S. M. BtUlou ii 
the American Meteorological Journal, June, July, 1892. 
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tlie revolving hurricane ; and it nmet be surmised that the outward gradients 
which a simple convectional circulation would demand in the upper air, are 
thus reversed to inward gradients. 

2®. The central low pressures thus aetennined in both systems of whirling 
winds are accompanied by a partial re-arrangement of the surrounding 
pressures, producing a ring of high pressures where the air slowly descends, 
and on whose circumference of no gradients there is a belt of fialms and fair 
weather separating the interior inflowing spiral winds from a set of exterior 
outflowing spiral winds. The high-pressure ring is seen in the tropical belt 
of high pressures of the planetaiy winds, outside of which the trade winds 
blow in an outward spiral ; and in the poricyolonio ring of high pressure in 
tropical cyclones, beyond which are faint external outflowing winds. 

S’’. Land masses with plateaus and mountain ranges interfere with the 
best development of these systems of winds and pressures. When tropical 
cyclones run ashore, tluiy wcaJceu and often disappear. Similarly, the 
nortliem half of the ijlniietary circulation, flowing over the broadest conti- 
nents, the highest plateaus and the most numerous mountains, is imperfectly 
developed in cwmparisou with the southern lialf, whore the sea surface is so 
little interrupted. 

4®. The return of the j»lan(ttaiy winds from the polar regions is effected 
against the (api)areut) grmlient by virtue of the excessive centrifugal force 
previously developed while tht» winds were oblicpiely approaching the pole on 
the steep gradients aloft. The observed outflow of the cirnis clouds in the 
upper part of a (syrlone iiuiy similarly have to he. performed against the inward 
gradient of the upp(u* isobario surhices by means of the gi'eat centrifugal 
fore.e that tlu^ luirri<*.aiu^ lias previously juKpiirod iis it approached the storm 
center on the oven stcM^xn* isobju*ic surfaces of lower levels. 

5®, The observed ('.almiu^HS of the air in tbe eye of a tropical cyclone lends 
support to the inhuTcul (uilmness of the air in the xiolar regions of the 
planetary circulation, mentioned in Mec.t. 142. 

G®. The 8urf[u*.e numibiu's of the idanctaiy circulation, being reduced in 
velocity by fricition with the eartli, are imable to retuni to the equator against 
the jioleward gradiimts, and lu^nee sidle obliquely towards the poles. The 
surfacic nionibers of tlici cyc.louic whirl, being retarded by friction and wave- 
making to a l<)W(n' velocity than that gained by the winds at the level of the 
clouds, are constrained to take a somewhat greater inclination towards the 
central rc^gion, wliere the iiressurcs are so gimtly reduced by the^ violent 
whirling of the whole mass. 

It is imuiifest that (tomparisons of this sort are of a different order from 
those which are concerned with statiHti<*>dl vjilues, based directly on observation, 
such as are commonly employed in climatic studies. Bach style of comparison 
has a value of its own ; both must be employed if the student would reach an 
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appreciation of tlie science as well as a knowledge of the facts of meteorology. 
Statistical comparisons have been longer employed, and for a time thi^y 
formed the chief subjects of meteorological study. Comparisons of similar 
phenomena are less usual, but not less important. The one here introduced 
was first made by Ferrel, to whom the modem understanding of the theory of 
the winds is so largely due. It should be carefully studied, for it is as 
important in meteorology to perceive the homology that exists betwoeii tlie 
larger and smaller atmospheric whirls as it is in astronomy to understand that 
the movement of planets around the sun is controlled by a system of forces 
corresponding to that which directs the movement of moons around planets. 

281. The convectlonal theory of tropical cyclones. The evidence detoilcxl 
on the preceding pages pomts very directly to the conclusion that tropical 
cyclones are essentially convectlonal phenomena on a large scale. They occm* 
in seasons and regions where high temperatures prevail; they ore moat 
effectivdy aided by the abundant condensation of water vapor from air at high 
temperatures ; their circulation in every way is like that which we should 
expect would follow from a conveotional process on a rotating earth. Yot it 
must be noted that the essential fact on which the belief in their conveotional 
character should depend is not yet a matter of direct observation. It has not 
yet been directly shown that the temperature of the cyclonic mass is higher 
than that of the surrounding atmosphere at corresponding altitudes. If 
observations on mountain peaks should in the future show tliat the cycloiiici 
mass is not warmer than the surrounding air, the conveotional theory of 
tropical cyclones would have to be abandoned and some other theory clovised 
to explain the phenomena. 

The student should therefore hold the conveotional tlieoiy in mind as 
being well supported by reasonable evidence, and yet os still lacking tho final 
element of direct demonstration ; he should remember the evidence that l(‘iids 
to the conclusion here regarded as the most probable one; he should not 
memorize the conclusion alone. ^Recognizing convection as a process oharac- 
teristio of gases, easily produced by experiment on small or large scalt?, 
observaWe in natural processes of various dimensions, as in the « boiling” of 
warm air over hot sandy surfaces, in the formation of cumulus clouds, in tho 
movement of land and sea breezes, he should appreciate the arguments tliat 
lead to beUef in the conveotional origin of the general circulation of the 
atmosphere belween the equator and poles and between the continents and the 
oceans. He might thus, indeed, on beginning the present chapter, be preju- 
diced in favor of a oonvec^orial origin for tropical cyclones ; yet if he would 
be gmded by the true spirit of scientific inquiry, he must maintain an unsettled 
opinion as long as the evidence is incomplete or contradictory ; he must adopt 
conclusions only where the evidence is complete and convincing ; he must ever 
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hold his mind opon to new eyidence, even if it bring about the abandonment 
of lUMsepted beliefs. Ho may, if desirable, quote the conclusions of others, 
and if wtdl read he nuiy thus become widely infonned; but he will foil to gain 
tlio best benetit that (ioiiu»R from careful study if ho does not reach opinions 
and coiudusioiifl for hiiuHolf, forming them only as fast as the evidence that 
may sujjport tlumi is clearly imderstood. 

The fjw^t of the occurrciico of tropical cyclones in certain regions and 
aoixsoiiH is not doubted, for the oc(uirrou(?o of their violent winds and heavy 
rain is a matter of repeated obs^^rvation. The combination of tlie surface 
winds to form a vorticular hiirricano is demanded by numerous observations 
carefully studied; lifty years ago this was a matt( 3 r for discussion, but at 
prestmt it need not bo qmsHtioned. The further interpretation of tlie surface 
winds and tho upiun* curnmts as an inflow below and an outflow above, com- 
bined with a whirling ascent around tho (ioiitcr, is still doubted by some, 
although the evideiu^e in its favor seems ooncliiHive to moat meteorologists. 
But when it comics to tli(3 oxidanatiou of this intt5rpr(3ttitiou as a oonvectional 
overturning, begun by tlui heat of the c.tilm air in the doldrums, afterwards 
supportiul in good part by tln^ libcu-ation of latimt heat from the condensation 
of wat<‘.r vui)or, and devilojiod into triKi oyclonics violence by the deflecting 
for<».(3 of the earth’s position, — all this is manifestly theoretical to a higli 
dcgriH^ ; and iKilief in it is warrtmted only uft(3r the convincing nature of its 
8up])oi»t is appreciated. 

Tlu^re is a c.orr(3Hpondon(‘,(3 in the progress of the exjlimations that have 
been giv(ui in (fliapter VI for tli(3 gtmeral (lrc.ulaiic)ii of the jdiuiotiuy winds, 
and in ili(3 prcwnit <liapt(3r for the oecurreneoof tro phial eyelon os, that deserves 
brief mention. In the first explaiuitirm, the tlusJiy of simidc conveotional 
iiit(irchang(3 betweem the warm oqiuitor and tlui ('.old jioles was at fault, because 
it involv(‘d ocuuirnnKic of liigli jinissure at the poles, wliile the pressure 
there is really low ; but on Hupjlcniumting the simple couvcictioiial theory by 
the c‘fFcct of the earth’s rotation, the low prc^sHiiro at tlui pohis is perceived to 
be an (issential featuri^ of a eonviMitional drc.ulation on a rotating globe ; and 
the theory is really strengtheiii^d by its survival of this ordcuil. Again, when 
tro|)i(ial cyelones were seen to possess a eonvec.tional inflow, ascent and outflow, 
initiatcwl in the warm and moist «air of tlw doldrums, no reason was at first 
])erc.(lved for their limitation to eeiiaiin seasons. Tho doldnims ore always 
warm and moist, ami arci thc»reroi*(i always retuly to iiromote oonvectional 
stoniiH. IJut lien‘, again, tlui introdiuitioii of t\w omitted effect of the earth’s 
rotation fully oecounts for tho H])ocial si^asonal Jind giiograpliicnl distribution 
of cyciloiKis ill the tropical scuis ; and tlie modifled conveotional theory is 
tluirefon^ twuiepted with redoubled eonfidiuKtc. Ifenoo in both these explnna- 
tions the siiujibi emivi«*.tional tliimry fails to aeeount for oertoin significant 
phenomena — tho low polar iiroBSures in the first case ; tho peouliar distribution 
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of oydones in the second case — and in both explanations, the introduction of 
the same omitted bnt essential consideration, namely, the fact that tlie movtv- 
ments taie place on a rotating globe, completely reconciles these divorno 
difficulties. So similar a progression of successful theoretical explanation in 
two separate problems may be reasonably accepted as reacting favorably on 
both ; indeed, the student may fairly measure his appreciation of the argiiinents 
that have been employed in these chapters by the increase of his confideiioe in 
their conclusions after their similarity is recognized. 


Extra-tropioal Cyclones. 


232. Comparison of tropical and extra-tropical cyclones. On turning to 
the cyclones of th6 temperate latitudes, we find many features in wliicjli they 
resemble those of the torrid zone, and certain other features in whioli they 
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differ. Their fundamental resemblance to tropical cyclones is seen ir. 

hemisphere, to tlie right 

in the other, around a moving center of low pressure. Numerous ohoraoteriatic 
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examples of suoIl storms are found in the magnifioont Atlas of daily weather 
maps of the North Atlantic ocean for the year beginning August, 1882, 
i)ublished by the British Meteorological Council, Fig. 01 represents the 
isobars for every tenth of an inch ai’omul one of tliese storms for noon of 
January 14, 1883, The storm center had a pressure of less tlion 28.00, or on 
inch and a half below the normal for the place and season, iis given on Cliurt 
V ; it was formed by the union of several subordinate oydonic centers, which 
all coalesced near the center of the North Atlantic low pressure area of winter, 
producing a storm of unusual severity. The contrjist between the gentle and 
uniform gradients of the torrid zone and the strong and variable gradients of 
the temperate zone, <as here illustrated, is very striking. Many similar 
exami)les may be found in the continuation of tliis Atlas by the marine 
observatories of Germany and Denimuk, us well as in the weutlier maps of 
various countries (Sect. 325). As the surface winds obliquely approach the 
storm center from all sides, an ui)ward escai )0 must bo inferx’od for them ; 
and as in the case of the tropical cycloiuis, this is confirmed by tho occurrence 
of extended clouds and heavy rainfall, and by the forward outflow of ciiTus 
streamers aloft. 

As with tropical cyclones, the cyclonos of our latitudes vary in intensity 
with tlm depression of tho barometer at the. ociiti^r ; and hero as theni the 
gi'oater ])ait of the dejmwBion is to be ri^ganhul as tho (ilT(»<tt of the (umtrifugnl 
forcofl of tho revolving winds ; but tho greater inivt of theso forces in a tropical 
cyclone arises from tlui true ocmtrifiigal lbre.e of the wind’s rotation around 
tho storm cent(5r, and is only in a lessen* i)ro])ortion due to the deflecting force 
of the eaiHi’s rotation ; wliihi this relation is n^veu’sed in extrii-tro])ieal cyclones, 
whore the deflee.tiiig force is groatiu than ihi\ true (!(*.ntrifugal force of tho 
whirl, bceauHC of the higher latitude in which theses storms oe.eur. The central 
region of <«<«^ptionally low pressure ami ve.ry steep gnulicuits in tropical 
oyeloiHiS is r(^lativ(dy small, because a strong cimtrifugal forces is ])roduced 
only when tin*, winds aro whirling on a shoi*t nulius ; thii low-pressure area of 
our eyeloncs is jiiucli hirg(u and tlui gi*julieuts have a tohu-ably strong value for 
some distanc.e around tbi‘. centcir, bcieaiiso the deprcissiou of the iBol>ars de])cnds 
rather on the latitudes of occurrence tluui on the distaiKio of tho wind from the 
storm center ; for this reason tluM'c^ is h^ss Ciomiontration of violonco cdoso to tho 
center, and tln^ calm and ehiar (uuitral space or eyc\ is seldom sliar])ly developed, 
although it is not uncommon to diseovc^r a gradual weakening or failing of the 
winds, and 8oin(».tiincH even an imperfect breaking away of the clouds, as the 
central arcia ])sihhoh ov(ir the observer. TIk^ form of tropical cyclones, as defined 
by tlnur isoharic lines, is nearly cinndar. Our eydoucs are as a rule less 
symmetrical, and their isobars are often i»l()iigatcd into an oval form. Li the 
eastern United States, the longer axis of tho oval trends northeast, making a 
trougli-like doi)roasioii between tho liigh-pressure area over the tropical North 
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Atlantic and the winter high-preasme area of North America. In tiie North 
Atlantic^ the lowest presaui'e of the cyclone in commonly found south of tliu 
center of the outer isobai'io ovalS; thus giving steep gradients south of the 
center and weak gradients north of it; this is due to the occurrenee of 
prevailing high pressures about the Azores and low pressures about Icohiiid. 
In the torrid zone, where the isobaric chart for January or July hIiowh a 
relatively uniform distribution of pressure, these causes of irregularity arc 
absent 

Extra-tropical cyclones are of frequent occurrence, greatly disturbiaig the 
flow of the westerly winds. If either hemisphere could be se(»ii by tux 
observer far above the earth, he would discover an almost coutimious i)r()(i(ifl- 
eion of white cyclonic cloud sheets spiralling around the pole in tlu^ middle 
or higher latitudes, crossing continents and oceans, and with gimter friupicmiy, 
greater intensity and greater progressive velocity in winter than in summer. 
Although often attaining destructive violence at sea, the winds of oxtio- 
tropical cyclones commonly rise only to moderate or strong gtdes on hind, 
where they are to bo less dreaded than welcomed, on accoimt of the BU])i)ly of 
r ainf a ll that they bring, so important in rendering large continontiil areas 
habitable. Tropical cyclones, on the other hand, ai*e nearly always of 
devastating violence ; they are so greatly to bo dreaded that it is fortunate^ tluy 
are relatively rare. Par from having an increased strength in wiiit(»r, tiny 
are produced only in the everlasting summer of the doldrums or of tlui 
adjacent weakened trades. The extra-tropical cyclones ai'e associated with 
travelling areas of high pressure, called anticyclones, of whicli a fiilhu* 
account will be given later. Tropical cyclones appear to be surrouiuhul by .a 
faint pericydonic ring of slightly increased pressure, already desorilxul'; but 
except for this, the distribution of pressure over the torrid zone is roinarkably 
equable. The great difference in the values of the monthly range of baro- 
metric pressure in the torrid and temperate zones (Sect. 105) is thus explained. 

The two classes of storms differ in their direction and regularity of 
progress. The extra-tropical cyclones generally move in on easterly (joursi?, 
turned slightly toward the pole, as if circling around it ; but they sometinuw 
turn irregularly to one side or the other, and occasionally even move btude- 
wards. Two storms sometimes approach and merge into one : or a single 
storm develops a subordinate or secondary center of low pressure, which may 
increase m importance and duration over its parental storm, A nuinber of 
characteristio tracks of storm centers for our hemisphere are shoAvii in Pig. (>2 
by Loomis. The tracks of cyclones of tropical origin here included may b (4 
easily distinguished from the others by their recurved course near the tro[)ic. 
The velocity of progression is also different in the two classes; in our 
latitudes it amounts to from fifteen to thirty miles an hour; this being from 
two to fourfold the progressive velocily of tropical cyclones while yet in tlio 
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torrid zone (Soct. 240 ) ; Init on outoriuR tlio temperate zone and reonrving 
towards the east, the tropical stonns take on all the features of cyclones that 
liave originated there. Storms of the two classes sometimes merge into a 
single center, as if their motions Iwforo union were entirely accordant. 

233, Unsymmetrical form of eitra-tropical cyclones. One of the 
strongest contrasts between the two classes of storms is found in the distribu- 
tion of temperature, clouds and rainfall, with respect to the center of low 
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pressure. The cause of this coiitriwt may hi\ r<ta<lily imiliTsIncMl liy 
the surroundings of oyoloues in tli(» two /.(nu‘S. Tim nri*a mI' thi* lurrid 

zone is a vast region of romarkahle uuilnrmily; for hiiiiilnxls nf iiiili'M on all 
sides of a oyclonio oeiit(‘r fclm t(mi]H‘ratnn^ and linmidit.y (if tin* air vaiy 
but little. Inflowing currontH Jroiii all sid(»M art' imnrly aliki* a.s to ln*at. 
and moisture; isothenus in tnipit'al nyoloin'H may noiiifiilt* t'to:a-);v wifli 
isobars, and both approach a (drnular form. I'lnt artMis of lo\vi*r flmnlN. ol' 
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upper clouds, and of rainfall extend iilmdst Hynini«(tri(!iilly on all fdili-a .tf lln* 
stem center Thus tropiciU cycloncH aro remarkably Himple and n-fnilar in 
their form and in the distribution of tlioir parta about I.I10 e.md.er. 

Consider now tile cnee of an extra.troi,ioal ,,y„lono moving aeroas (Jliio 

fFii Ml" T « JW that of K..brnarv H*. ISHI 

7^ r T tlx' north i.ml weal tin- e.d.l, 

snow^overed plains of the continental interior exl.nd for over a thunsaiul 
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miles, unbroken by mountain ranges, anti surmounted by a clear, cold and dry 
atmosphere. The inflowing southerly and easterly winds that enter the front 
of the storm area become cooled as they advjuiee into higher latitudes and 
over the cold surface of the land, and still more as they begin their oblique 
ascent around the storm center; the cloud and rain areas are thus greatly 
extended to the south and east of tho center of low pressure. The cool, dry 
winds from the west and ii(n*tliwest becoino for a time warmer and dryer as 
they advance obliquely towards the storm (icnter, beeauso they move over 
lands of higher temperature than that of their source, and because tliey enter 
latitudes where insolation is more elT(‘(ttivci in warming them; and these 
causes of increased heat and drym^ss must bo ovcircome by tho cooling of 
ascent, as the winds whirl around the ('.enter of low ])resBure, before any clouds 
and rain can be formed in them. Tho doud and rain areas are therefore 
much less extended to the west than to the east of our oyoloiiio storms. The 
dissimilar temperatures at tlu^ source of those winds naturally result in a 
strong distortion of the isotluu'ins within tlu^ cyclonic area; they are OBirried 
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northward in front, and southward in tlu^ nnxr of tlu^ storm, as appears with 
exceptional distinctiicss in tlu^ illustration giv(m above, l^irtlicnuore, the 
overflowing cirrus c.louds, radiating in all dipcH'.tioiis somewhat ocoontrically 
over the atonu, extend tlunr plumes imie.li further in advance of tho center 
than backwards from it, as might \w (^xp(U',tc.(l from tlu^ (Xicjurronce of these 
disturbajices in a latitude wlu»r(? tln^ ui)p(M' c.urnmtH of tho atniosi^hore move 
eastward at a high velocity. Th(^ featlu^ry c.irnis strcMumu'S arc often visible 
a day or more bofov(» the. arrival of tlu^ low(ir (douds. At the higher cirrus 
level, five or more miles above the sc^a, tlu' whirling motion so apparent in the 
lower winds is rcduc.ed to a gtuuu’al eastward drift, varying but little from the 
velocity and direc-tion of the higher c.urrents of the gcmeral winds. 

The results of systcniatic obsi^rvations on tho winds and cirrus clouds at 
Blue Hill, Maas., within the aim of cyc.lonic storms, arc presented in Figs. 66 
and 66:’ the rectangles in tln^so diagrams Iwiiig five-degree “squares” of 

1 For a fuller oocount. of Flfis. 05, fllJ, (J8, (H), boo an article by 11. 11. Clayton, bi the 
American M(^teorolog^cal Jounial, August, IHtKI. 
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latitude and longitude. Fig. 66 shows the inflowing vorticuilar windH nii Lint 
snmmit of the hill with respeot to the cyoloiiio center; the irregular rorin of 
our cyclones almost disappearing in this combination of many exatupIoH* 
Fig. 66 shows the movement of the cirrus clouds above the oycdoiiic. tivm ; the 
deflections from the prevailing eastward movement with rcispectt to tint 
cyclonic center being such as to indicate a somowliat irnjguhu* outflow t(>wanl 
the margin of the region ; the stronger outward nioveimmt to tint norLh boing 
attributed to the relatively high temperatures on the cast of tin* storm. 

In the frequent mention of whirling and ascent in our oyc.lonie. winds that 
will he met with in succeeding paragraphs, these statenumts iMtgarding tlio 
deformation of the cyclonic whirl must be borne iu mind. The (toinparativ(t 
symmetiy of the winds and douds aroimd the voi-tex of tropicuil (•.ydoiies is 
not observed in our latitudes. The whirling is distiinst einmgli iu the lower 
winds, hut the rotary motion seems to be brushed forward and obliterati'd at 
the height of the cirrus douds. The ascensional movement about the eeutral 
region is of course in no cases vei*tioaI, but always compeuudtul with tlio 
whirling or advancing movement of the winds. 

The want of symmetry is so well marked in the strongtu* winter (^yelonic^ 
storms of our latitudes that some meteorologists arc disposed to (^X(dud(* tlu‘m 
from the cydonio class. This, however, seems to l)c hardly warraiittMl ; for 
the peculiarities are all such as would result from the ocmirren<w» of whirling 
storms in regions of varied, instead of unifonn surroundiugH, and in a rapidly 
moving, instead of in a relatively quiet portion of the earth’s atniciHph(»re, 
There does not seem to be a fundamental difference in tlui luovenuuit of 'tlu^ 
winds in the two classes of cyclones, however difloi'cnt thnii* (uiusi^s may ho 
found. The storms of the two zones not only exhibit a distinct ndationship ; 
those of the torrid zone gradually lose their symmetiy when tiny mlvaiieo 
into the temperate zone, and take on all the unsymmotriwil fiMituros of 
the storms of extra-tropical latitudes. Numerous instances of this trans- 
formation may be found in the Atlases of the North Atlaiiths luentiouc^d 
in Section 232. 


234. The centOT of extra-tropical cyclones. The clear ocmt.r.a cy«\ of 
tropi^ cydones is not often displayed iu the oyolones of our Isititudos, 
especially on lajid. Our oyolonio winds decrease soniewlmt ou the wcakiir 
gradient near the center, but the olouds do not olften break away, tinlosH tho 
Bwromdmg winds axe of exceptional violence. It has been conedudod from 
this that the spirally inflowing lower winds do not gain so groat a (.(uitrirugal 
force as to prevent their being drawn into the central district of low prcMsuro, 
whi^ IS form^ by the more violent whirling of the winds at higlulr hmds. 
In this respect the snrface winds of our cyclones may he oommrod to tho 
surface member of the planetary circulation, which flows obliquely towards 
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tlie low-presfliire area of the polar regions j the low pressure there having 
been eausetl by the much more active whirling of the upper and middle 
members of the circulation (Sect. 136). Such a relation might be well 
expected in our cyclones on land, because the lower winds are there held down 
to moderate velocities by the greater resistances that oppose them ; and they 
are therefore more subject to the control of the central low pressure as deter- 
mined by the stronger winds at greater altitudes. 

236. Control of weather by cyclones. It is manifest from the association 
of areas of cloud and rainfall with cyclonic centers, from the deformation of 
the isothermal lines before and behind them, jtnd from their frequent occur- 
rence luul their generully regular and rapid advance in an eastward course, 
that the changes of weather in tlie temperate zone must be largely controlled 
by the passage of cyclonic storms. As they draw near, the sky becomes over- 
clouded ; the ])r0vailiug westerly wind faHs away, and is succeeded by a wind 
from some easterly direction, faint at first, but increasing os the falling 
barometer and heavier clouds and rain betoken the approach of the storm 
center; the temperature rising, if the center passes north of the observer, 
until tlm wind veers through the south to the west, bringing a cool or cold 
current with rising barometer and clearing sky ; the temperature remaining 
relatively low, and the wind backing from the east through the north to the 
west, if the center ptisses south of the observer. Thoso clianges are of great 
prmitical importaiuM^ ; they will be more fidly considered in Sections 243 and 
31fi ; but we have first to examine the origin and movement of our cyclonio 
storms. 

230. Non-convectional origin of extra-tropical cyclones. When wo come 
to seek the caimo of the cyelonos of our hititudtm, it is seen that one of their 
oluiriwiteristics distinguishes them strongly from the oyolones of the torrid 
zone. This is tlioir greater fre<pieiicy and intensity in winter than in 
summer. 

With this contrast in mind, we must impure whether there is good reason 
to think that extni-tro])ical cyclones may, like the tropical cyclones,, be 
regtirded as convoetional stonns, to wbioli a whirling motion is given by the 
deflecting for<ui (»f the earth’s rotation. This (piestion must at present be 
answ(u-(*d most probably in the negative, in spite of the many other likenesses 
bi^twecui the two cbisses of stoimis. When our cyolones are traced back to 
th(dr l)(‘ginniiig at one place or anotlior, on land or water, there is not found, 
even in Kumincr, any hu(6i ])(U’Bisteiit and distinct indication of instability and 
convection as appears in the doldrums, where the tropical oydones begin. 
More than this, the oeeurrence of extrortropical cyclones with inoreafled 
intensity in the winter season forbids the supposition that they arise os a rule 
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from the conveotional overturning of an unstable iiiosB of air. If rcft^micu* is 
made to the sections describing atmospheric instability and ('.ouvc'ction (nU* H-l ), 
it will be seen that the winter season is preoiscdy the tinu^ wlu»n <'.c>nvi»(^l.ii»n is 
most unlikely. In that season there is a relatively sh)\v vertical dectrciisn of 
temperature, while directly the opposite condition is ueec^ssary lor instiihility. 
Moreover, in winter, when the lower air is prevailingly <«)l(l, tlio amount of 
latent heat liberated by the condensation of va])or in as(*.ending (eirnniUs of air 
is small compared to that liberated by an oqiuil ase-cuit of \vanu(»r, moisti*r air 
in the summer time (Sect. 197). Latent heat, wbie.li has 1 m»cii shown, to play 
so essential a part in the working of tropical cyclones, is not so elTective an 
aid to storm action in winter as in summer; and yet it is in winUn* time that, 
our cyclones possess their greatest violence. Spontaneoiis conviM'tional aetioii, 
therefore, does not seem to be the chief causo of oxtrji-troj)ie.al (cyclones. It, 
may be that some of our cyclones, especmlly in Humincr and on land, ar<» of 
conveotional beginning; it surely is not wise in the lU’estnit static of meteor- 
ology to exclude conveotional action from all sliawi in iM^ginning and inainUiiii- 
ing these storms ; it is certain that the latent h(«it liheratcsl from ilieir rains 
aids their action ; yet it would seem prudent to sc'andi for somt» otln»r cause* 
of thein origin and action than convection ; to look for sonn* eanse^ whose value 
shall be greatest in that season when the cycloucH liave^ their greiitest 
frequency and activity. 


287. Origin of extra-tropical cyclones as eddies in the circumpolar winds 
of the terrestrial circulation. The only cause of this kind that has yid. l)(»<*u 
discovered is the general circulation of the terrestrial winds around tlu^ poles. 
It has already been explained that the upper, middle ainl lower nnnnluTs of 
this circulation move in a general eastward direction in the middles and higher 
latitudes, and with a considerable velocity; it has also \mm shown that, on 
^onnt of the increased temperature gradient between the equator and poles 
in .the winter hemisphere, it will he in that luimispl that tln^ genrrnl 
oaromnpolar winds possess the greatest velocity ; while in the suniiner hc*mi- 
sphere, where the contrast of equatorial and polar toinperatures is rc'diKUMl, tln^ 
oiroumpolaa: winds blow less rapidly. It has thoreforo bwm Hnggi‘.stn(l iliat 
our extra-tropioal cyclones are not spontaneous conveotional disturbamu^H, but 
secondary eddies driven by the general winda. 

Eefe^oe should now be made to Section 131, in which the (westward 
course of the poleward overflow from the expanded air abovi^ tin. ecniator was 
^plained. It was there stated that the eastward oourBe of the wind w^w 
detemined by a balance between the forward-acting acceleration (the (>.ompoii(mt 

S! t,™, o„ the etang „ppe, net o™ree„„. 

hy the deaeotmg fore, of the eerth’e rotetioe) oad the b»okw«rde»tl.,B 
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aiices ; l)ut the character of the resistances was not then particularly inquired 
into. Th«'y should now be considered more carefully. 

The resistaiices excited by the variation in tlie velocity or direction of the 
successive strata of the atmosphere must bo very small, yet it has been sug- 
gested that those may be sulticient to produce undulations in adjacent currents 
analogous to those by whicli certain kinds of clouds have been explained 
(Sect. 203), but of much greater siz(i. The shoiiroircuit return of the equatorial 
overflow tis it lulvjinces obliquely toward the pole over the converging meridians, 
explained In Section 141, may cause local crowding or congestion. The 
inequiJity of the i)oleward gradients in place and time must result in some 
iri-egularity in the winds around the i)olo8. Under favorable conditions, these 
various (‘4iuhc*h may give rise to entangling motions of the upper winds, from 
which gi*eat (uldies in the lower winds could be derived. The resistances of 
continents and mountains must contribute in some degree to the disorder of 
tlio geiuiral winds ; yet only in a subordinate way, if we may judge by the 
owiiirnuKje oC about as many cyclonic storms in the southern as in the northern 
tcmi)(U'ate In wliattwer way the disturbances are caused by the general 

winds, it is natural that they shcmld be more frequent in the faster-moving 
circumpolar whirl of the middle and higher latitudes than in the slower-moving 
winds of tlu^ torrid zoin^ ; and that the middle and higher latitudes should 
witness more stormy diKturhanccs in tlunr winter season when their general 
winds ar(» running nij)idly, than in the suiiiiiKir time, wlieu their general circula- 
tion is soiiu^wliat r(dax(ML All tlu^sc considerations have in recent years 
turiuul the' tide' of opinion against aceu'pting a purely convectional origin for 
extnirtropical (lyeloucs, ami dire'cti'd it towards iiscribing their origin in greater 
l)art to (uldii'S in the gcmu’al circ.iim polar winds. 

A manifest dilUe.ulty in the way of this explanation of our cyclones is their 
long tuiduraim'.e. Many (eyclom'S have been traced a third, a half, or even a 
larg(*r share' of the way around the north t('mpcrat(' zone ; and it is difficult to 
underst^ind how they could survivi' so long if i)r()duccd as suggested above. 
At i)r('Ht'nt, no satisfactory (explanation of this difficulty can be given. 

238, Anticyclones. Areas of high pressure, called anticyclones, are of as 
common (xutnrriMUJo as cyclonic, ari'as of low i)ressuro in extra-tropical latitudes. 
The two are intimately associati'd and usually increase or decrease in intensity 
togctlK'r; th(» anticyc.loncs alh'rnating somewhat regularly with the cyclones 
ill the procsi'ssion of disturbaiices that marc.hos around the poles. Just as the 
(iycdoiK's fn’nueiitly merge into tlu' larger areas of low iiressure that lie over 
the oc.('ans in high latitudes during tlu' winter, so the anticyclones often com- 
bine with the areas of high pressure that lie over the northern continents in 
the ('.ohh'r months, Whatevi'r exidanation is given of one of these classes of 
plumomoua should throw light on the origin of the other as well. 
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rig. 67 illustrates several of the oharaoteristio features of anticyclones. 
It represents the condition of the atmosphere at 7 a.m. over the eastern 
United States on January 26, 1880. The central prossuros arc over 30.1 ; 
the central gradients are weak and are directed outward on all sides ; tho air 
is calm or gently moving in the central region, and flows slowly outward in a 
right-handed spiral over the marginal area. Tho sky is generally clear ; the 
hour of observation being too early for the formation of diurnal clouds, such, 
as often arise in an anticyolonic area during tho middle of the day, especially 
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in s umm er. The temperature of the central clear area is lower than tliat of 
the surrounding districts, even lower than to the north ; booause of tho free 
radiation from the earth through the dear anticyolonic air, whUo the greater 
doudiness of the surrounding districts has diminished their nooturiuil fall of 
temperature. 

In winter, when insolation is brief and weak, the surface temperatures in 
anticydonio areas are prevailingly low, especially on land, by reason of the 
rapid cooling of the ground by radiation. In summer time, they are low at 
night for the same reason ; but they are then relatively high in the day-time, 
on account of tiio strength and long duration of the insolation that enters 
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througli their clear sky. In both seasons, the lower air of anticyclones has a 
^(^latively larj^e diurnal range of temperature and a distinctly marked diurnal 
period in the veloe.ity of the wind. 

Tlui outflow of the lower wind from antioycloiiic areas is shown in !Fig. 68, 
which rc^iiresoiitH the average direction and velocily of the winds at Blue Hill, 
Mass., around an anticyclonio center. This outward movement, coupled with 
tlin i)revailingly clear and dry condition of the atmosphere leads to the 
ladief that anMiH of high pressure are regions of inflowing air aloft and slow 
down-Hottling about tlm central area. lu this, jih in so many other features, 
tlu^y tlm oppositti of areas of low prossuro, or cyclones j hence the name, 
antieyolone, suggiiskul by Galtoii in The occurrence of an upper inflow 

is (*-oiiiii*ined by the obRcrvatlons of su<ih cirnis clouds as wander near them. 
The av<?ragti dircu'.tion and vrloc.ity of cirrus (doud movement over Blue Hill 
within aiitii(*.y(doni(i areas, Fig. 09, are changed from the general eastward 



movcmicnt of tHw upper (douds in such a way as to indicate a somewhat 
irrt^gular inward niovcuuent with n^speuit to the twlvaiudiig auticyolouic center, 
bhirtlujr (ioniirmatioii of the desetout of air within luiticyclones will he found in 
Section 2 HI 

[f anti(‘.y(doncjs are (wnivectional phononuuia, in which tho air descends 
spoutaiuMKisly by its own weight, tlu^y must 2 lh a whol(^ have a relatively low 
Uun[»initiir(^ ; tli(» ('.oiivtu’se of convectional cyclones, in which the tempei'ature 
of tlu^ mass must be ndatively high. Ac«M)rding to this tliooiy, the warmth of 
(•.y<don(»s woiihl gjiined cliicdly in the lower air, where insolation is best 
applied tro raising the kmiperature of the atni()S])here ; and the low temperature 
of aiiti<’.y<don<?H would be refernid to nuliation from the upper air : but as this is 
a ndatively inae.tiv<i pro(i(».HS, tlui cyclones would, as a rule, take the initiative, 
and tbo antiey<doneH would fedlow as eoiiflocpienooB of (syclonio overflow aloft. 

antie.ycdoncm woidd then be exi)lain0d as tlicj overlapping of two or more 
a<lja<‘.eiit p(»ricy clonic rings. 

If, on tlie otlujr liand, cyclonic and anticyclonio disturbances are produced 
by tin* irr(igular How of the genonil winds, it is probable that these clisturbaaceB 
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would originate in the higher regions of the atmosphere, where the winds 
blow mnoh faster than near the earth’s surface. The difEerences of pressure 
produced at high altitudes would be felt down to searlevel ; and as the lower 
winds move with comparative slowness, they would be governed by the 
gradients thus imposed on them by the irregular movements of the u])por 
winds. According to this theory, an area of high pressure or anticyclone 
would be perceived at searlevel beneath a district whez*e the Uiipor cuiToiits 
crowd together 5 and an area of low pressure or a cyclonic storm would Imj 
developed beneath a region where the upper currents are somewhat divergent. 
Between the areas of high and low pressure thus produced there wmdd bo a 
constant play of the lower winds ; they would run out from the contors of 
high pressure and their outflow would be supplied by a slow descent from 
aloft, and such areas would be consequently dry and free from lower clouds ; 
the lower winds would run towards and whirl around the centers of low 
pressure, gathering vapor on the way, obliquely ascending there and boctomiiig 
doudy and rainy. As the crowding of the upper currents appears to bo the 
more effective of the two processes here concerned, the anti(«ycloues would, 
according to this explanation, take the initiative, and the cyclones wouhl bo 
regarded as relatively secondary. 

289. Test of the theories of extra-tropical cyclones and anticyclones. 
Some impartial test of the two theories by which stormy disturbances in the 
general winds are explained is now needed 5 and on admirable one has Ixuni 
presented by Dr. H an n of Vienna in his studies of the tempemturos j)r(ivailiiig 
in oydones and anticydones as recorded at the mountain obsorvatorios of the 
Alps. In order to appreciate the force of his arguments, wo must fii*st review 
the contrasted oonsequenoes of the two theories under discussion. 

If cydones and anticydones are convection^ phenomena, the former must 
be regions of rdatively high temperature, and the latter of relatively low 
temperature, when compared with one another or with the surrounding atmo- 
sphere. The isohario surfaces of the warm oydones must be held apart, iii 
order to produce the inward gradients hdow and the outward grmlients above, 
as explained in Section 93, although the shape of the upper isobario surfaces 
may be depressed by the centrifugal forces of the whirling winds, as explained 
for the o^e of tropical cydones in Section 229. The isoboi'ic surfaces of tli(» 
cold anticydones must be pressed doser together in order to prodiicwi the 
centripetal gradients aloft, where the winds flow inward, and the oentrifugtil 
gra^ents bdow, where the winds move outward. As both the cyclones and 
anticydones endure for days or weeks together, it follows that tlio atinosplK^ro 
from which their indrafts are supplied should he relatively warm and moist 
m Its lower levels, in order to produce the instability on which these oonvec- 
tional disturbances are supposed to depend. In the case of the cyclones the 
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flui'foco air miiat bo warm enongli, or warm and moist enough, to maintain a 
higher teinporaturo than that of the surrounding air through which it rises, 
in spite of its cooling by expansion in ascent. In the case of the anticyclones 
the upper air must be cold enough to remain at a lower temperature than that 
of the surrounding air through which it settles down, in spite of the increase 
of twu])eratnre by coniprossion during descent. 

If cyciloncs and antic^yclonos are di’iven eddies, forced to move by the 
energy of the gtnicral (iirtaimpolar winds, no such instability need be aflsumed. 
The uir of a driven eddy near a street comer in a blustering wind is not 
necessarily warmer and lighter than the air through which its whirling 
currents arc raistnl ; it may be heavier than its surroundings, as is the dust 
that it bears aloft, and owe its ascensional motion to some external force 
stronger tlian its own weight, instead of rising spontaneously like a hot desert 
whirlwind. In lik(^ manner, the air of an extrortropioal cyclone in the boister- 
ous circumpolar cinndation is not necessarily lighter tlion its surroundings ; 
the air as well as tlm (douds tliat it sustains may be heavier than its surround- 
ings; it may 1)0 driven up by some gimter external force, instead of rising 
spontan(«)iiHly like the air of a warm and moist tropiotd cyclone. So 
conversely with ani.ie.yel()nes ; if they do not sink by their own weight, but 
are crowded down by the accanmdatioii of higher cuiTeuts ahovo them, the 
heat that they jw-cpiire by c()m])re88ion may make them even lighter, vohime 
for voluiui*, than the surrounding air. 

The c.ontniHted e.onH(»(jii(uiGeH of these rival theoiios may ho more clearly 
illustrab'd by the rolh)wing figures. Fig. 70 iiresoiits the sccpienco of changes 
of tmnperabun^ inv(>lv<*d in a Hi)ontaiuH)UH e.onvcMttional cdrculation. The 
relatividy warm and moist lower air, with teni])erar 
ture J, (iools rapidly at tlu^ ordinary adiabatic rate, 
until its dew j)oint is reiwdiod and (‘.ondensation 
of vapor iM^giiiH. (looling is then retarded to the 
slower rate, //^^• but in iippitr levels of the eirmi- 
latioii additional eooliiig is caused by radiation, 
chiefly from the clouds, and by mixture with the 
colder upper air ; hemm the tmtual eooling of the 
ascemding meinhers of th(^ eyedonio area is better 
r(‘[)res<Mit<'d by t\w line', lUK Now, in order that 
tlie circulation sliould b(^ maintained and that the 
air which luis ascended in e.yelom^s should descend 
S])ontamu)UHly in anticyclones, it must he assumed 
that a cjonsiderahle lulditional cooling takes iilace 
(luring the passage from tlio upper ])ai*t of the 
cyclonic anui to th(» u])i)er paii: of tlie anticyclouio 
ox'ca; this being iiulie.iit(Ml by the line, JDK As 


K 
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descent in the anticyclone begins^ 'vrarming by compression soon overcomes 
cooling by radiation^ and for the greater part of the descent the increase of 
temperature follows closely the adiabatic rate, FS; but on approaching the 
ground, departure from the adiabatic rate will be made in accordance with 
the temperature of the land or sea over which the descent takes place. In 
winter on a continent the change of temperature in the lower part of the 
oiroulation would be indicated by GJ^ and a distinct warming and moistening 
of air so cold and dry as J must tak:e place before it could again spontaneously 
enter a iqrolonio ascent. It is therefore manifest that the essentW conditions 
of the spontaneous convection here assumed involve on the whole a higher 
temperature in the ascending air, as AJBD^ than in the descending air, os FGKT ; 
a decided cooling, 'JOFF^ in the upper air ; and in the winter season a cooling 
and warming again, C^J'A^ in the lower air. 

Kg. 71 represents the conditions of a driven convectional circulation. 
The lower air cools at the rate, AB^ at first, and at the rate, after it 
becomes doudy ; the departure of BD from BC being due to radiation from the 
loffy clouds, as explained in the previous case. A 
moderate amount of cooling, BE, being now assumed 
as occurring during the passage of the upper air from 
the cyclonic to the anticyclonic region, the more 
active anticydonic descent causes an increase of 
temperature at the rate, FH, On nearing the earth, 
especially in winter and over land, the temperature 
curve departs from the adiabatic line, OH, and 
becomes OA. The looped lines here drawn indicate 
that the greater part of the cyclonic air is cooler than 
the anticydonic, but that the reverse relation obtains 
in the higher regions. The altitude, K, at whidi 
the looped lines cross, evidently depends chiefly on 
the amount of cooling in the upper air. 

In choosing between tlie theories represented by 
the two diagrams, it seems that the latter, which 
assumes a moderate cooling in the upper air and a 
greater cooling in the lower air, is nearer to the conditions of our winter 
atmosphere than the first diagram. But another and more critical test has 
been provided by Dr. Hannas studies of records from the Alpine mountain 
observatories. 

Let it be supposed that a mountain observatory stands at the height, M, 
and that it is frequently visited by cyclones and anticyclones. Its mean 
temperature, M, in any month will differ in one way from the mean of the 
temperatures observed in cyclones ; and in another way from the mean of the 
temperatures observed in anticyclones ; and the sign of these differences will 
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give decisive indication as to which is the better of the two theories under 
consideration. 

Tlie highest of the Alpine moiuitoin observatories is on the Sonnblick, at 
an £iltitude of 10,155 feet. Although its location is not so directly in the patli 
of frequent and strong cyclones and anticyclones as might be desired, yet its 
records seem to leave no doubt as to whicli theory they support. Dr. Haim's 
recent essays on this subject show oh^arly that as far os observations at high 
levels arc concerned, the mass of air in anticyclones is from six to ten degrees 
higher than the air at corresponding altitudes in cyclones.^ 

As far as the testimony of the Alpine stations is concerned, it must therefore 
be accepted as being distinctly in favor of the theory tliat regards our cyclones as 
driven eddies in the general circumpolar winds 5 while anticyclones are regions 
where the upper air is forced to descend against its will. The work thus done 
in raising and pushing down great masses of air must be recognized as a 
considerable resistance which the ui^per winds have to overcome ; and without 
it, they might flow faat(?r than they do. 

It should bo carefully noted that the position of Kj Pig. 71, is variable ; 
that with greater cooling aloft, it stands lower ; and that the lower this point 
stands, tlie more iinpoi^tant is the 8 i)ont€aiieous convectional action of the upper 
part of the entire circulation ; but all of this is at present simifly a matter of 
speculation. It should bo furiher noted that whenever condensation takes place 
in a oyclono, or evaporation in an anticyclone, the work to be done in driving 
those diaturhoiioes is somewhat diminished. In the cyclone, condensation 
liberates latent heat, and the raised air is tlien inaintoined at a higher 
teinpemturo, and hence in a more expanded condition than it would be 
otherwise ; some of the uplifting is then done by the liberated energy, received 
from al)sorb(Hl iusolation long before and hundreds or thousands of miles 
away. It is probably for tliis reason tliat the winter cyclones tluit traverse 
the iiorthorii United States generally mcrcoso so greatly in energy os they 
approach the Atlantic coast, and receive an inflow of warmer and moister air 
from over the ocean. Conversely, when occasional clouds are evaporated in 
the upper i)art of an anticyclone, its warming in descent is retarded, and it is 
more ojisily c<mi])ressed and driven down. This, however, is a small aid 
comxiared to that given by cloud-making and rainfall in tlie cyclones. 

No t(^st by means of mountain observatories has yet been applied to tropical 
cyclones ; but the conditions of Pig. 70 may be reasonably interpreted as 
favoring their spontaneous convectional origin. It should be noticed that the 
initial temiieratiiro at the beginning of cyclonic ascent is liigher in the fii'St of 

1 'riio coniiMiriHon here drawn between tonipcraturos at the same altitude in oydonee and 
antloyclones should bo more strictly drawn between altitudes where the same pressure occuis 
ill the two ; but if allowance be mode for tills, the excess of temperature is still distinctly In 
favor of the anticyclone, according to Dr. Uoim's figures. 



224 


BLEMF.NTARY MBTEOROLOGT. 


the two figures j this oonstruotion liaving been adopted in order to apply the 
diagram to tropical examples. The cooling during ascent^ indicated by the liiiCr 
ABD^ Pig. 70, is consequently slower than that of the same line in Fig. 71 j 
because the first example represents a beginning at high teinperaturo and 
humidily, when latent heat is plentifully set free. But the oliiof difP(^ronoe 
between the two figures is found in the amount of cooling assumed iu the 
upper air; and it is manifest that the greater cooling of Fig. 70 is not 
consistent with the conditions of the torrid zone. It may tlierefore bo suggcsUHl 
that in tropical cyclones the ascending air does not soon return to sea lovtd, 
but r emai ns for a considerable time at a great height, gradually losing its 
abnormally high temperature there ; and in confirmation of this, tlio absoiuie 
of distinct anticyclones in the torrid zone may be adduced. The increase of 
temperature indicated FG A must therefore be taken to apply to air masses 
settling down towards sea level around the oydonio center, but not sui)plied 
Iqr immediately previous ascent. But whatever value these diagrams possess, 
it must be continually borne in mind that they are for the greater part 
speculative ; and their possible but imperfectly proved consequoiutes must 
be clearly separated from consequences more closely based on observation. 

Progression of Cyolonbs. 

340. Progression of cyclones. The cyclones of botli the torrid and 
temperate zone have been described as travelling storms. They gtnumilly 
advance along welL-defined tracks, peculiar to the region of their occiuiTciioo. 
Distinction must be carefully made between the velocity of the winds around 
the cyclonic center and the velocity of progression of the entire storm from 
place to place ; there is no essential relation between the two quantities. The 
violent hurricanes of the torrid zone move slowly along their tracks ; the 
egrdones of the temperate latitudes are sometimes violent when advaiudiig 
slowly, or of moderate strength when advancing rapidly ; but the rovors(i 
relation is also observed. No general connection exists between the two 
velocities. 

The simplest aud most probable explanation of the movement of oyolouos 
is found in the fact that they are disturbances set up in an atmosphere tliat is 
already in motion. This is plainly the case with extra-tropical cyclones ; thoir 
movement accords so well with the average direction and with the sensoiud 
d^ges of the general winds that there can be little doubt that they adviuioo 
with ^e atmosphere in which they are formed. It must, however, bo 
recognized that it is difficult to conceive of a cyclonic whirl maintaining its 
action m an atmosphere whose velocities in the upper and lower Layers differ 
so ^tly. The whirl <^ot drift bodily ; it must continually be reconstituted 
as it advances. Cyclonic tracks have been shown in Pig. 62. They exhibit a 
striking agreement with the course of the general winds around the pole. 
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They move faster in winter than in stimmer, os should be expected from the 
winter increase in the velocity of the circumpolar winds. Cyclones over the 
eastern United States move nearly twice as fast as over westera Europe, as 
should follow from the difference in the velocity of the lofty cloud-bearing 
currents in the two regions (second Table of Sect. 212). The following results 
have been determined by Loomis. 

Avbraoh Vkixkiity op Fkoobbbsion of Cyclonbb. 

United Statoa 228.4 miles per hoar. 

North Atlantic (middle latitudes) .... 18.0 

Europe 10.7 “ 

West Indies 14.7 

Boy of Bengal and China Sea 8.6 


Month. 

■Tail. 

Fob. 

Mar. 

Apr. 

May 

Juno 

July 

Aug. 

Sept. 

Oot. 

Noy. 

Deo. 

United iStatos .... 

8;). 8 

:T4.2 

iil.n 

27.6 

26.6 

24.4 

24.0 

22.0 

24.7 

27.0 

20.0 

38.4 

Euroi)e 

17.4 

18.0 

17.6 

16.2 

14.7 

16.8 

14.2 

14.0 

17.8 

10.0 

18.0 

17.0 


The relation of the tracks of tropical cyclones to the course of the 
general winds is not at once apparent ; but the general movement of these 
cyclones around the western border of tlioir oceAns, as illustrated in Eig. 62, 
sugg<!sts tlnur control by the eddies of the general winds, explained in Section 
1C7. Even iu the doldrums, it must be remembered tliat only the lower air is 
calm. At gniator lunglits, the equatorial overflow turns westward and towards 
the pole ; licn('.o the storms forming near the equator always recede from it. 
Their movement is at first slow and obliquely westward, somewhat accordant 
witli the (M)iirHc of the trade winds ; hut on passing latitude 2C® or 30® and 
entering the zone of the westerly winds, they turn oldiquely to the east and 
quicken thoir ^uico. ( Jy(don(».H that originate in the eastern part of an equatorial 
ocean move like the others obliquely pohward and westward, but they seldom 
fluceecd in escaping from the torrid zone against the inflow of the surface 
wimls. 

241. Effect of rainfall on progression. An additional cause has been 
suggested for tlio eastward moveunent of extra-tropical cyclones. The larger 
area of raiiiftill ocxmrs on tlieir eastern sichi, within the body of warmer winds 
that mov(i ])olewai*d, What(iver aid is given to the action of a oydone by the 
liberation of latiuit hmt is thcrefori^ uiisymmetricjally idooed continually to the 
eastward of tlio <? 0 nt(ir, instead of symmetrically around it, as in tropical 
cyclones ; and as far as this is an cffoctivcj cause of motion, it tends to 
transplant the storm eastward ; not by moving it along, but by continually 
re-creating it to the oast of its previous position. 
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A coiifle(g[iienoe of the unsyTQinetrical distribution of temperature here 
referred to fe found in the later arrival of the lowest pressures near the center 
of our cyclones on mountains than at lowland stations near by. The isobario 
surfaces are held further apart by the relatively high temperature of the {lir in 
front of the storm ; they are pressed closer together in the roar where the Jiir 
is colder. As seen in vertical cross section; they would bo deformed from a 
symmetrical to an unsymmetrical arrangement. The line ^ joining tlu^ lowest 
points in the successively higher isobario curves therefore leans backwards, 
and when the lowest pressure is felt at sea level, the pressure is still falling at 

adjacent mountain stations. 

• 

242. Effect of progression on the velocity and direction of cyclonic winds. 
The progression of cyclones is generally spoken of os if the entire storm 
moved bodily forward. This seems to be true in large measure for cyclones at 
sea ; but it is not true for the lower winds of cyclones on land. 

The bodily advance of the whole storm would require that the winds on the 
two sides of the storm track should have different velocities, as felt by observers 
who do not advance with the storm. The winds on the right of the track (in 
the northern hemisphere), moving ai’ound the center in the direction of the 
storm’s advance, would be increased by the velocity of progression ; while the 
winds on the left side of the track, moving with same velocity around 
the center, would be decreased by the velocity of progression. Hciico the 
winds on the two sides should, under this supposition, differ in average 
velocity by about twice the velocity of the storm’s progress. At tho same 
time, the inclination ef the winds towards the center should bo inorooHeil in 
the rear of the storm and diminished in the front. 

Eesults of this kind have been found in the case of several tropical cyclones 
at sea ; a number of West Indian hurricanes have been found to have more 
violent winds on the right than on the left of their tracks, and a greater 
inclination of the winds in the rear than in front; here the velocity of 
progression is small, and the velocity of the winds is high, and consequently 
the difference in the estimated strength of the winds on the two •sides is not 
great: A much dearer illustration of this relation is found in the oydonos of 
the IJ^orth Atlantic in temperate latitudes. Westerly gales are common on tho 
south of the dyolordo centers, but easterly gales are rare on the nortli. As tho 
general velocity of progression is here about fifteen miles an hour eastward, 
the winds on the two sides of the track might have velocities of thirty and 
sixty miles an hour to on observer who did not advance witli the storm center, 
although the winds on all sides of the storm had equal velocities of forty-five 
miles an hour around the center. 

1 This line is sometimes called the axis oi the storm. The term la misleading, beoauso In 
the case of whirling on an axis, it Is always Implied that the motion t ^yTrpg piaco in planes at 
rlfi^t angles to the axis; and this is not the case here. 
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A bodily drifting of cyclones is also apparent at moderate altitudes in the 
atmosphere. On Mt. Washington, for example, where regular observations 
were maintained for a number of years at an elevation of 6,279 feet by our 
Signal Service, easterly winds on the northern side of the centers of low 
pressure were generally faint, but the westerly winds on the southern side 
often attained great violence. The inclimitions also showed a systematic 
variation. At still greater altitudes, where the general winds move very fast, 
the clouds show a whirling spiral outflow with respect to a rapidly-advancing 
cyclonic center, and yet all its paits would have an eastward motion with 
respect to the earth’s surface, as appears to be the case in Fig. 66. 

The case is quite different with the lower cyclonic winds on land. In our 
country, the average eastward progression of cyclones is twenty-five or thirty 
miles an hour. If the storms wore bodily carried over the earth, the winds 
on the two aides should differ by fifty or sixty miles an hour j that is, there 
might 1)6 a calm on the iioithcm side, while a gnle of sixty miles an hour 
raged on the southern. Thia is by no moans the fact. The winds do not 
differ greatly in velocity or inclination on the two sides of our storm centers. 
Their velocity depends much more on the value of the local gradients than on 
the velocity of the storm’s progression or on their position in the storm. 

It has thcirefore been 8upp«)aed tliat at sea, where there is relatively little 
friction, the lulvaiice of a cyclonic whirl is effected by a forward carriage of 
the whole commotion ; but on land, where the surface is much more irregular, 
the ad van ('.0 of the whirl as a whole is limited to its middle and higher ports, 
while its lower winds move only in accordance with the variations of pressure 
that are brought on them from above. 

243. Veering and backing of vdnds caused by passage of cyclones. 
Kecords of the wind at stations in the temperate zone have long shown the 
occurrence of systematic but nn])oriodio shifts in the direction of the wind 
along with changes in other weather elomoiits. 

Tlu'-se were r«(M)gnizcd and popularly used as means of foretelling weather 
oluuiges long befon*. any knowledge luwl been gained of the vortioular whirling 
of cyelonio winds or of the progressive motion of cyclonic storms. The 
alternation of northerly and soutluirly winds was by some ascribed to the 
varying rucoors in a struggle bc^twoell polar and oqmitorial currents ; but it 
may bo now coiilidently jissorted that this is impossible, because such currents 
ill temperate latitudes must flow prevailingly from the west, with relatively 
small north or south components (Sect. 147). 

The reciognitioii of the control of ordinary weather changes by oyclonio 
storms of greater or h^ss size and intensity was first clearly made by Redfield 
in 1834, and constitutes an important advance in the understanding of atmo- 
spheric processes, llodticld’s generalization was fully confirmed some thirty 
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years later, when daily weather maps were prepared in different countries^ 
and it now serves as the most important principle used in the daily official 
predictions of the weather. It will be briefly explained here, and more fully 
illustrated in Chapter XIII. 

Pig. 72 is an ideal diagram, representing the distribution of tlio various 
weather elements around a well-developed center of low pressure. The 
oonoentrio oval lines are isobars for every t^o-tenths of an inch; the oxrrvod 
broken lines are isotherms for every 10® P. Imagine the entire disturbance 



Eio. 72 . 


nir 

it 


to adyance in an eaBt-northeast direction at a rate of thirty miles 

^ ^ observer at any station over which it 

expenence the various kinds of weather that it hrings together. If his. 

the storm^area ^ ^ center, his successive positions within 

storm area would fall along the line, J£C; if the storm center passed to. 
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the north, his station would be found on the line, DBF; if the storm passed 
to the south, his path through it would niii on the line, GliJ, In the case of 
his lying on the track of the center, he would note at first weak southeasterly 
winds, increasing in strength and shifting somewhat to the south, with 
falling pressure, rising temperature, and increasing cloudiness with rain or 
snow. On the close approach of the center, when the barometer reaches its 
lowest reading, the winds commonly weaken ; and shoi*tly afterwards turn more 
or less abniptly to the northwest, then increasing to a gale, as the barometer 
rises and the temperature falls ; the rain soon ceasing, and the clouds break- 
ing away before the wind takes its more customary direction and^ate. 

If the observer’s station lie south of the track, there will bo no abrupt 
change in the course of the wind, unless the form of the storm as indicated by 
its isoborio lines is very unsymmetrical ; ordinarily the winds begin in the 
sputh or southeast, and shift with considerable regularity through the south 
to the west or northwest j this direction of change being called veering. If, 
on the other hand, the observer sfeuids north of the track, the winds will begin 
in the east, and shift through the northeast and north to the northwest ; this 
change being called backing. The abnormal direction of shift implied in the 
term “backing” is simply explained: European stations, whence these terms 
have come to us, lie generally to the southeast of tlio tracks of their stronger 
winter storms ; hence the ordinaiy shift of the winds is from the east through 
the south to the west, or “with the sun,” Jis it is oftmi called ; it is only when 
an exceptional storm center ])asHes further south than usual, or only at the 
distant stations in northern Enroj)a, that the winds turn “against the sun”; 
and this change consequently came to Ix^ looked on as the reverse of the 
normal order. While it is truly of unusual ()C(uirrenc.e in those regions where 
storm centers generally i)a8B to tliii north, it is inanifcHtly the normal order of 
change for regions whoso storms habitually ])a«8 to the south. As our cyclonic 
centers generally pass over the Groat Ijakc^s and down the St. Lawrence 
valley, ohservers in the United Stiitos are juxnistomcd to veering winds ; but 
observers in northern Camula may normally have backing winds. 

The changes of wind and weather thus deHc^rilnxl may ho faintly marked 
during the ])aHsago of cyclonic*, areiis of slight haroiuotrio depression ; hut 
during an ordinaiy season an attcmtivci ohscu’vcu* may detect twenty or thirty 
uiimistokahle cxanqdc^s of cyclonie shifts. If the eycdonic center pass far to 
one side of the observer, its effcM'.ts are hardly noticed ; hut if its ])asBago be 
nearly central, the ohanges in its wind, tcunporaturo and sky will be most 
cmpbatic. If the ecntiir swlvunces gmdually, the changes in the weather 
elements will ho slow ; if the center progresses rapidly, the changes will be 
quickly run. If the cenkir turn to the north or south of tlie ordinary path, the 
shifts will 1 x 3 somewhat abnormal and unexpected ; hut as moat cyclones follow 
a tolerably regular track across oxir northeni states, the ordinary sequence of 
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weather changes is repeated over iiiul over ogtiin with aHtoninhiiig 
the intervalB between the geuenilly cloudy iiiid wet cyclonic artniH biung* 
occupied by the fair and generally <iuiot weather of aiitit5y«loni<^ urc^cH. 
Certain of the winds associated with the cyolonicj inflow arc inarkcMl by ho 
many distinct features that they deserve special names and deHt*,riptioiiH, 
and to these we may now proceed. 

Cyolonto and Antkjvojjjnio Windh. 

244. Fre{|,tiexLce of cyclonic winds in the temperate zone. One of the chii^f 
oontrasts between the conditions of the torrid and ttuup(u*atc zone is the rurit-y 
of cydonic disturbances in the general winds of the foriutu’ and tlicir 
occurrence in the latter. In the torrid zone, day aft(jr day and mouth afti'r 
month are characterized by the recurrence of similar diuviuil changtm ; i>u bind, 
warm days with lively conveotional breezes following the eouvsis of thu goiuTul 
winds, relatively cool nights, and only occasioiuil interruptionH from imssing 
storms. At sea, even a greater regularity of changes in wind and tiuni)oriil.\irf^ 
prevails. 

Such constancy is unknown in tho tempomte zone, wlu^rc tburo is a 
continual change from one kind of weather to another in irrt'gular 
generally of greater length than a day. Nearly all of tluwe cduiiiKi'^ sw**' 
the product of passing cyclonic or outicyclouic disturbainHW. Tlu^y may bn 
sti'onger or weaker; in. some oases having winds of HulUeieiit m*.iivil.y U> 
deserve the name of storms, in other coses producing only ginitlo yeli 

generally associated with centers of low or of high presHure of gnuit(‘r or les.s 
distinctness, with the accompanying shifts of tho wind and with areas ol‘ cdondy 
or clear sky. The rainfall that ac(*.ompanies the cyclonio arts^is, or that; ooim»rt 
from the smaller storms that will be described in tho next chapk^r, 
our chief supply of precipitation; the oontinual altoratious from fair to nlondy 
or wet weather will he described in Chapter XIII; but before couHidoriniLC 
these subjects, it is desirable to examine certain oliaroetoristicj winds whieli 
accompany the stronger cyclonic and ontioyclonic areas. Tho most iiuj) 4 )rt;aiit 
of these are the sirocco, the cold wave, the bora, tho foehn, and thn tuili- 
oyolonio calm. 

245. The warm wave or sirocco. The wind in front of tho oyolonio HtorniH 
of the temi^erate zone blows towards the i)ole. It tidvancos from warmer to 
colder latitudes, and carries with it a relatively high temperature) ohanw.i^oMHtio 
of its source. In the eastern part of the United States this wind oonu'H from 
the Gulf of Mexico or from the watm waters of tho Gulf Stream; it brings 
unseasonable and oppressive heat to the central and northern Statnw, and 
causes a rapid rise of temperature whether arriving by day or night. Curves 
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e and /, Fig. 10, are examples of temperature changes under warm cyclonic 
winds in New England. A wind of this kind is generally damp and cloudy with 
ruin in winter, from having cooled on its way until its upper portion at least 
has been chilled below the dew-point. Observations on Mt. Washington give 
many examples in front of approaching cyclonic centers, where the temperature 
in winter a mile above sea level is actually higher than that on the cold 
lowlands over which the wind blows ; this is because the wind moves faster 
aloft and therefore comes more quickly from a farther source ; it thus starts 
with a high temperature and soon becoming cloudy retains much of its heat 
on the way; while the wind that blows from the 
south closer to the eartli’s surface comes slowly 
from a less distance and is much more cooled in 
its northern progress. The verticol temperature 
gradient at such a time may be represented 
roughly in Fig. 73;^ AB being the normal 
value for the place and season, and CDEF 
being the temporary value during the blowing 
of the southerly wind. The greatest increase 
of Ijemperature is at some considerable altitude, 
as at A’; and there may bo thus produced an 
inversion of temperature for a certain distance 
above the earth’s surface, as CD, Inversions 
of this kind, oaiiscd by eyolonio iinpoi*tation of 
little coolctl air aloft and (U)mparatively indo- 
pendcuit of diurnal chtuiges, should be compared 
with the inversions at night described in Section 
43, produced by the local cooling of the quiet lower air by radiation and con- 
duotiou. As the nwersed gradient, OD^ indicates great stability in the lower 
air, winds of this class possess relatively constant strength night and day, and 
they an> remarkably free from the day-time flurries and flaws of our northwest- 
winds. Tho ocoiisional silver thaws and ice storms of our winters (Sect. 287) 
depend on inversions of this kind under easterly winds; the temperature at D 
being a little above freezing, while at C it is below freezing. 

In tho spring and Hummer, the southerly or southwesterly wind in front 
of oycloues in this countiy may bo dry os well as warm, because the lands over 
whicli it then blows already ])OBseBH a relatively high temperature and the 
strength and Imigth of insolation in tho higher latitudes do not permit th& 
easy cooling of the wind. Inversions of temperature do not then prevaiL 
The enervating days in the warm spells of April and May are found under 

1 All tho fifftinjfl of vorLlcol temperature gradleuts in this chapter are largely hj^wthetical ; 
they represent graphically certain probable condlUons that oonnot easily he desorfbed In 
wonla 
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Buoli oonditionfl (see curve a, Mg. 10) ; the prolonged spells of intense snnmier 
heat are caused in the same way. The hot winds ” of Kaunas and Texas 
seem to be intensified examples of this kind of wind. At all seasons, it is 
generally in the presence of these southerly cyclonic winds that the highest 
temperatures of onr months are found. 

It is manifest that winds of this kind must occur wherever the spiral 
oydonic inflow brings worm winds over a cool region. In western Europe, 
although the southerly or southwesterly wind is warm, it does not produce the 
strong rise of temperature that accompanies it in the eastern United States, 
because of the much slower change of mean temperature with latitude there 
than with us (Sect. 82). Along the northern shores of the Mediterranean, 
however, when oydonic storms pass near 1:^, a warm wind blows northward 
in front of them from Africa. It is sometimes parching hot and dry, bearing 
dust from the desert and seriously injuring vegetation ; its heat being felt 
almost as severdy by night as by day. Such is the sirocco of southern Italy 
and Greece, illustrated in Mg. 81 ; but further north, after the wind has 
blown over a greater breadth of water surface, gaining vapor on the way and 
at the same time cooling somewhat on its northward journey towards the 
cyclonic center, it becomes moist and cloudy, its high temperatui*e then making 
the air extremely sultry and oppressive. In Spain, the dry sirocco is called 
the leveohe ; ^ on the Madeira islands it is called the leste. The haiunattan, 
a hot, dusty east wind on the west coast of the Sahara, may be of similar 
cyclonic origin.* In Egypt, the representative of the sirocco is known os the 
khamsin, from its relatively frequent occurrence during a period of fifty days 
in early spring, when the southward retreat of the tropical belt of high 
pressures allows cyclonic storms to extend their influence over northern Africa. 
The association of these various winds with oydonio storms is not demonstrated 
in all cases, but it appears to hold true as for os they have been studied. 
Hence the advisability of recognizing them os belonging to a distinct class of 
atmospheric phenomena, deserving a particular name. The Italian name, 
sirocco^ might be adopted in any part of the world, when the ]) 0 culiar features 
of the wind are well developed. It is not intended that every light wind in 
front of a cyclonic center should be called a sirocco ; but when the wind is 
active and its temperature is decidedly above the normiil, this name may be 
properly given to it. 

In the southern hemisphere, winds of the sirocoo class come from the 
north. Such are tlie brickfielders ” or hot north winds of southern 
Australia, and the zonda of the Ai'gentine pampas. 

1 Tlie Bolono of the east coast of Spain is a cloudy, rain-bringing east wind ; probably a 
cyclonic indraft, but not to be confused with the hot and dusty Icveche. 

® The harmatton of the Gulf of Guinea is a cool, dry, northerly wind of the winter 
•season, like on intensifled trade wind. 
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The “hot wiads ” of Texas and Kansas, above referred to, seem to possess 
certain special features in addition to those of the normal sirooco. The 
greatest heat, 106 or more degrees, is felt in narrow currents, ranging from 100 
feet to half a mile or more in width, with intermediate belts of considerable 
breadth at less insufferable temperatui-es. The intense heat and extreme 
dryness of these winds make them very injurious to all crops. Their heat 
does not seem to be due simply to impoi-tation by a horizontal flow, and it has 
therefore been suggested that they are supplied by descending currents, warmed 
adiabatioally. The apparent difdculty of this suggestion lies in the excessive 
temperature that the currents gain at the level of the ground, iii virtue of 
which they should be lighter and not heavier than the lower air into which 
they are assumed to descend : but as descent from a great height must be 
inferred in order to produce tlieir excessive temperature, a descent by 
momentiun below the level of equilibmm may also bo inferred ; and thus the 
local and temporary quality of the hottest currents might be explained. Hot 
winds of a similar (puility occur on the plains of India in the eai*ly summer ; 
and it is possible that oelijain of the suffocating simooms of the Arabian and 
African deseiia^ excessively hot but free from dust, should bo explained in 
this way ; while the simooms that bear clouds of sand and dust should be 
associated with thunder-squalls (Sect. 256). 

846. The cold wave. Tho warm sirocco in front of a cyclonic storm is in 
distinct contrast witli the cool or cold equatorward wind in tho rear. In 
summer, the latter wind possesses only moderate strength, i)roducing an 
agreeable cooling after the excessive heat of the sirocco that it drives away j 
it may then be called a cool wave j (dear, dry and refreshing, after the snltiy 
and opxiressive air that ineceded it. In winter, it may be a strong wiiul, 
coming quickly and causing a rapid fall of temperature. This fall is called a 
colcl ioave by our Weatlun* Jhireau,^ luid the term may bo applied to the wind 
that brings it and extended to (jthor winds of the same kind. 

The cold wave is remarkably well developed in the wiiittir storms of the 
central and eastern parts of our (H)untry. When supidied l)y an area of strong 
high pressure in tlie northwest, it sweeps down from tho colcl jdains of farther 
Canada and brings with it the low tem])erature of that bleak region. Its 
movement obliquely towards tho oycdonic. cont<^r that it follows is accelerated 
by tho winter high prcHSxin^ (diarac-teristic. of its source in tho continental 
center (sec foot-note, page 92), and it is nowhere impeded hy transverse 
mountain ranges. Near the track of a cyclonic storm, the cold wave arrives 
suddenly and in almost fully-developed strength, displacing the antecedent 

1 Technically, a “cold wave” Is a fall of temporature lower than 32® In tli (3 northwest, 
or lower than 40® in tlio south, with a rhanffo of at least 20® in twenty-foui* hours, and 
witlinut Kjgard to tho velocity or direction of the win(L 
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sirooco in a few liomB and oanaing an abrupt fall of temperature, as in Fig. 
lOo ; and then gradually falling away, being in this unlike the sirooco, which 
begins gently and only gradually acquires its full development. All the 
Mississippi basin and the Atlantic states as far south as Florida may feel the 
blast of the cold wave as it comes sweeping down from the northwest ; a clear, 




Fig. 74, January 0. 


Fio. 76. January 7. 





Fio. 78. January 10. 


Fio. 70. January U. 


cold, dry wind, freezing the ground over which it advances, and thereby 
warming somewhat in its own lower layers. It may cause a continuous fall of 
temperature during noon-day, as is illustrated iu Fig. lOd. 

A very strong cold wave occurred early in January, 1886, as illustratecl in 
the accompanying figures, 74-79. The cyclone behind which the cold winds 
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were drawn down from their source in the far northwest, lay centrally on the 
coast of Texas on the morning of January 7 ; advanced, to southern Alabama 
on January 8, and to New Jersey on January 9, when its nearly circular 
isobars were remarkably well developed, as in Fig. 74. On the morning of 
January 10, the center lay in the Gulf of St. Lawrence. Figs. 75 to 78 indi- 
cate the spreading of the cold northerly air over the country on the four dates 
above named; the white space including temperatures between zero and 
freezing; while the lined sliodings rexnosent temperatures lower than — 30® 
in the northwest and over + 50® in the soiitli. The cold air that lay in the 
northwest on Jauuaiy 7 had roaoliod Texas the next morning, when the 
isotherm of zero ran neai'ly 11011:11 and south in the middle Mississippi valley. 
On the two following days, tlio zero winds advanced up the Ohio valley, and 
carried temperatures below freezing even into Florida^ where the orange 
groves were seriously injured. The retarded advance of the cold around the 
Great Lakes was in i)art duo to their conservative influence, but in part also 
to the derivation of tludr winds more from the northeast than from the north- 
west. Fig. 79 csxhibits tlio normal temperatures for Januiilty in oblique dotted 
lines 5 its shaded areas show the negative departures from the normals on the 
moniiug of rranuary 9 5 amounting to 40® in the central Mississippi valley. 

The probable value of the vertical temperature gradient in a cold wave 
may be repinasented in l^g. 80 5 the greatest cooling from the normal being at 
an elevation, j9, of half a mile or more, where the winds are strongest. The 
departures of the gradiiMit lines so greatly from 
the mean value in the cold wavi» and in the 
sirocco should be coinx)arHd with tlio smaller 
departures illustrated in Figure 3, page 27. 

The latter result from (iliaugtis in the teinpornr 
turo of relatively quiet air by tln^ slow processes 
of absorption and riuliation ; the formcir r(»sult 
from the active eyolonio iiuiioriatiou of now 
bodies of air, whi(!h bring with them the tem- 
penitures chariictcjristio of tlnnr source, thus 
strongly affeeting tht^ atmosphere up to hoights 
of more than a mile. Variations of absolute 
hiunidity are ])rodueed in tlw same way. Non- 
13eriodie (iliangos of ttunperatiirti and humidity 
ill the higher laye.rs of tli(» atmosiihere arc 
tliorefon^ to be regardiul as oliiefly caused by 
the changes of oyelonie winds. 

Near the earth’s snrfaee, the air of the 
cold wave goiK^rally bcKionies warmer as it advances, and its gradient curve 
may bo represented by (Ic or dc\ This is jiariiculorly the case in the day-time 
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ajad in the early spring wlien there is no snow on the ground. The lower 
layers of the wind may thus become unstable, and hence there is at such times 
a strong variation in velocity between day and night ; the wind of day-time is 
continually hastened by rushing flaws and flurries, as its currents roll over 
and over in their convectional turning, while the lower air at night is 
comparatively quiet. But when the cold wave blows at night over a snow- 
covered region, the temperature of the air ' near the earth’s surface may 
decrease as it advances; the vertical temperature gradient may then be 
reversed in the lower air. 

When blowing at high velocities and bearing a blinding cloud of snow with 
the temperature below freezing, the cold wave is called a blizzard. The 
norther of Texas and the Gulf of Mexico includes both the cold wave of 
winter and the cool wave of summer: this wind is frequently developed 
in the autumn on the western side of a tropical cyclone as it advances slowly 
along the recurving part of its path south of Louisiana, When following a 
cyclonic center in winter, the norther may cause a fall of 30® in an hour, or of 
60® in two hours. 

The winter cold wave of Europe is much less j)ronouncod than with us, 
and comes from the northeast instead of from the northwest. The mild 
waters of the North Atlantic lie northwest of Europe, hence no strong fall of , 
temperature is brought by an inflow of winter winds from that direction over 
Great Britain and France in the rear of a cyclonic storm tliat passes eastward 
over the North Sea toward Eussia ; but when tlie storm center moves from the 
Atlantic across southern France towards Italy, and at the same time tui anti- 
cyclone lies over northern Russia, then western and central Euroi)o exi)erionce 
a cold northeast wind, akin to our cold waves. The wind on the nortli of the 
cyclone moves southwestward from the cold northern continental area and 
floods Germany and France and even Groat Britain with air of unusually low 
temperature. The severe frosts of the winter of 1890-91 in Great Britain 
accompanied a period of frequent northeast winds of this chiaracter. 

If a cyclonic center passes far enough south to draw the cold air lifter it 
from the low plateau of central France, the wind is called the mUtml as it 
flows down the valley of the Rhone to the Mediterranean ; the name being 
derived from magistral meaning master. When Franco is snow covered under 
a clear sky, the air on the plateau becomes cold from local radiation, and the 
gentle slope of the country towards the Mediterroncaai aids the l)ario gradients 
in hurrying the aerial drainage and intensifying the wind ; thus repeating on 
a smaller scale the conditions of our western plains. Marseilles may have a 
cold mistral while southern Italy suffers under an oppressive sirocco; as 
illustrated in the map of a cyclone, Fig. 81, which passed northeast across 
Italy on February 26, 1879 ; the value of the isobars being in millimeters, the 
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temperature in Falirenlieit degrees : the heavy wind arrows indicating stations 
of observation, while the fainter arrows are added to generalize the course 
of the wind around the center of low pressure. The distortion of the 
isotherms by the winds is perfectly apparent. 

Central Europe never feels the excessive cold that is produced by the cold 
waves of the upper Mississippi valley, where temperatures of twenty or thirty 
degrees below zero are recorded ; but the more severe winter cold of Europe is 
generally experienced under such conditions as have been just described. 



Fia HI. 


The name, (?old wave, is not employed there, nlthougli it is perfectly appli- 
cjible. Further cuist, in Kiissia and Silwiria, where the continentjil oxtension 
allows a more Hov(U(i wintcu, the colder cyclonic wind is more like our cold 
wave ; when blowing violently and niising a cloud of lino dry snow, it is called 
a Immn or pvrtjd^ (iormsponding to the blizzard with us. 

The southern lieiniHiihero has cool waves from the south in the rear of its 
cyclonic storms; hut in the absence oC largo land areas in liigh latitudes, the 
fall of temperature is u<?ver as viohnit jih with us ; no strong cold waves occur 
there. The wind of this kind in the Argcnitiiie K(jpnhli(? is called pampo'iv* 
The “southerly burster” of New Zealand also socins to belong here. 

247. The bora. It occasicjnally happens that t]n\ cold wind drawn down 
from high plateaus towards a cyclonic contcu* takes on especial features which 
entitle it to a separate description. The strong radiation from an elevated 
plateau during slioi’t winter days of weak sunshine and long door winter 
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nights reduces the air that lies upon it to an abnormally low temperature. If 
the vertical temperature gradient over the surrounding lowlands is AJB^ Fig. 
82, it may be CD over the plateau. Then if the air flows off of the plateau 
and descends rapidly to the surrounding lower ground, it is warmed by 
compression at the rate GE during descent towards sea level, and when it 

arrives on the adjacent lowlands it still has on 
unusually low temperature, B, Under ordinary 
conditions the drainage of the plateau is relatively 
slow, and its descent is not strong enough or in 
large enough volume to be particularly noticeable ; 
but if an advancing cyclone brings pressui*e gradi- 
ents over the plateau area in such a way as to drive 
the air rapidly from it, it flows down over the 
adjacent lowlands in large volume with great 
velocity; being induced to move, not only by the 
cyclonic gradients, but also by its own instability 
or top-heaviness. It is then felt as an icy blast, 
generally producing boisterous squalls, sometimes 
with snow flurries ; the latter probably duo to some 
reaction between the descending air and that wliich 
it displaces. 

Winds of this kind are not of common occurrence. 
They are recognized at the head of the Adriatic 
sea, where the name, horay is a survival of the classical Boreas, the north 
wind. Here the bora comes from the Istrian and Dalmatian highlands on 
the northeast. The mistral has already been described as owing part of its 
cold and violence to its descent from the low plateau of central France ; but 
in that case, the descent is so gradual as not to warrant its being clossifled 
here. Bora winds should be looked for in our western plateau regions, where 
pronounced examples of their occurrence may be expected. Their recognition 
will constitute one of the advances that should be made in physical meteor- 
ology by local observers. 

In order to perceive the curious contrast between winds of the bora type 
and those of the class next described, it must be borne in mind the bora 
requires an extended area of elevated country, where the air may be abnor- 
mally cooled, and whence it is hastily withdrawn to lower levels by cyclonic aid. 

248. The foehn or chlnook. One of the most peculiar members of the 
class of cyclonic winds is found where the indraffc is required to pass down 
from or over a mountain range in its course towards the cyclonic center. 
Winds of this kind often have a strong development in the northern valleys of 
-the Alps, where their remarkable heat and dryness were flrst noted and 
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investigated ; the local name, foehn^ there employed, is now extended to other 
regions as well. The occurrence of the Alpine foehn may be described as 
follows : — When a cyclonic storm advances from the Atlantic over central or 
northern Germany, the air in front and to the south of it is successively 
drawn in obliquely towards the center, first from middle Germany and 
northern Bavaria, then from the sloping plateau at the northern hose of the 
Alps, next from the valleys among the mountains out of which the air flows 
to take the place of that which luis moved away from the piedmont plateau j 
later, by the still further backward propagation of the disturbance, even the 
air from the mountain tops is drawn down into the valleys, and finally a 
supply of air for the mountain tops is derivcid from the further side of the 
range, either at the average height of tlie crest line or from the lowlands. 
The peculiarity of this wind as it descends into the northern valleys de 2 )end 8 
on tlie changes of temperature produced in consequence of its motion having a 
vertical componeiit ; while the temperatures characterizing the sirocco and the 
cold wave depend essentially on their horizontal motion. 

When the upper air is drawn quickly down from the Alpine crests into the 
valleys below, it is heated by compression at the normal adiabatic rate, and 
from having been a cold wind on tho mountain tops, it reaches the valleys 
abnormally warm and dry. This is particularly tho coho in winter ; the air in 
the Swiss valleys before tlie approach of a cyclonic stonn becomes <iflpGcially 
cold and damp or foggy by tlie accumulation of cooled air that flows down the 
mountain sides and settles in tho dopresHiuns ; while at the same time the Eur 


bathing tho x>oaks is comparatively dry, and is 
relatively little (tooled, and departs less from the 
mean of tho year. Under siudi coiiditiniis, tho 
vertical temperature gnidieiit CD or CD, Fig. 83, 
would be weaker tluiii its luiniial value, AH. Now 
if the cold bottom air is rapidly withdrawn to 
supply a cyclonic indraft, tho air from tlie level of 
the mountain tops must os rapidly descend into 
tho valleys. As it descends it warms rapidly, 
almost at tho adiabatic rate, 1>J, wliile its (h»w- 
poiiit rises but little faster than at tho rate etl, due 
to com])res8ion (soo page Ifio); and on its arrival at 
tho valley bottom, with timij)eraturo JiJ and (huv- 
Ijoiiit F, it is mucli higher in tompcKituro and 
much lowcu’ ill humidity than was tho air which 
occupied tho valh^y before. In siunmer, these 
changers are not so marked, because thou the air in 



Fio. B3. 


tho volley may ho unduly warm, and when tho upper air is drawn down to 


take its place, no siguifuiant ohango of temperature will be introduced, 
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althongh there may still be a decrease of humidity; but in winter, both the 
heat aud the dryness of the foehn are remarkable. The snow on the mountain 



Fiq. 84. 

slopes disappears under its heated breath ; hence the name Schnoefressot* f 
or snow-eater, sometimes locally given to it. Extensive fires among the 
wooden houses of the Swiss villages have happened at such times, the last one 

of the kind being that which destroyed 
Meiringen in the winter of 1891—02. 
The peculiar heat and dryness of tho 
foehn are soon lost as it advanoos 
across the Piedmont plateau, cooling 
and absorbing vapor on its way. 

After the initiation of tho foehn as 
thus described, it may be continued Tty 
a further supply of air coming from the 
plains of northern Italy, and then iui 
additional cause for the heat and dry- 
ness of the wind is introduced. When 
the air is drawn away from tlie summit 
of the Alps, other air rises from tho 
Italian lowlands, passes over the range, 
and descends on the leeward slopen, 
Fig. 84. Before ascent, the temperature 
of the air on the Italian plains may 
be represented by B, Fig, 85, whilo 
the temperature is A in the northern 
valleys. During the ascent of the Ital- 
ian air, its temperature falls, its dew- 
point is reached, the whole mass becomes 
cloudy, and rain or snow falls from the 
clouds on the Italian slope. In the first part of the ascent, before tho clond 
level is reached, the temperature of the ascending air decreases at the ray)id 
rate BC]^ but when clouds are formed at the height C and above, further 

1 It must be borne In mind that the horizontal scaJe of Big. 86 Indicates temperature only, 
and hence that Its oblique lines represent only rates of cooling with ascent or descent : thoy 
have nothing to do with the inclined path of the air over the mountnlnn, Illustrated in Pig. 84, 
but only with the effect of the vertical components of motion during the passage. 
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cooling is retarded by the liberation of latent heat from the condensing yapor^ 
the rate of cooling then being a brief ascent without cooling occurring at 
the temperature of freezing, D (Sect. 198). Tlic temperature to which the air 
is reduced on reaching the level of tlie mountain crests is therefore not so low 
as it would have beeu'if it had risen to tliat height without becoming cloudy. 

As the wind flows down from the peaks and posses of tlie Alps, the cloucla 
that it carries along are soon dissolved by the increase of temperature pro- 
duced as the air descends to the northern valleys ; for a great part of the 
vapor has been taken from tlio wind to fall as rain or snow on the Italian 
slope; the remaining cloud mass stands «)n the mouut«aiu crests, and is locally 
known as tlie foelm wall. As long as any cloud remains to bo dissolved, the 
increase of temperature in the descending air goes on at the slow rate, EF^ 
just as the decrease of temperature was slow during the cloudy ascent; but oSi 
soon as the cloud disaxipoars, as at the altitude the further descent ia- 
accompanied by a rax>id increase of temperature almost at the normal adiabatic 
rate, FG, On reac.hing the lower valleys, a tein]) 0 rature Jl is attained, which 
is greatly in excess of that of the air, in the northern valleys before the 
foehn began to blow, and a iiuinber of degrees higher than tho temperature of 
the Jhiliau air when its ascent began on the further side of tho mountains. At 
the same tiiu(>, tho air will have become extremely dry; from being saturated 
at tho h(*ight A’, its dew-i^oint comes to bo JFK di»grecs below its t(^mx)ornture 
in the valley bottom. 

The iuc-rease of toiuperature ])r()duced by this jieculiar reaction of latent 
heat will Iki stronger if tho air is <lami) ami rcdatividy warm before beginning 
the aso(mt of the niountaiiiH, and under smdi comlitioiiH this second cause of 
the heat and drynesH of the foidiii may bo as (dTe(itiv(i as the first ; but it must 
be remcml)(U'(ul that in the ciuse of several foehn winds studied in Switzorhmd, 
tho simple (lese.eiit of the U])per winter air is the first cause of the heat and 
dryness (d the wind, and the liberation of latent heat is only a later and 
sec.oiidary cause; thtu*(^ sometimes being no rainfall on tho southern slopes 
until a day or moro after the fully-<lev<tl(>X)e(l foehn is felt in tlio nortliom 
valleys. 

Tlio lu*at and dryness of the foehn are so unlike the (sold and dampness of 
the wind on the inouiitaiu iiassi^H that it was only iiatund for earlier observers 
to ascribe*, the origin of tlie warm wind to some warm soureo; and it was eon- 
8cqiu*ntly refevre^d to the hot Sahara and ri^gardcMl as an extemsion of the sirocco 
of sontlnn'ii Ibily. This has been (ioinjih^tely disproviul. Espy and Dov^ were 
among the (»arlinr nu^tcorologists who suggestcKl that the changes of temxierature 
in V(u*tii«il currents and the liberation of the latent heat from ooudonsiiig vapor 
must 1)0 eonsidored in its ox])lanation ; and this has been fully confirmed by 
modern students ; eH])eeially by ITann of Vienna, to whom the suggestion of 
the initial cause of the heat and dryness of the foehn is due, and whose studies 
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have given careful demonstration of the more general suggestions of others. 
When thus explained, it is manifest tliat the foehn need not be limited to a 
south wind in the northern valleys of the Alps ; it might occur under fitting 
conditions as a north wind in the southern valleys of those mountains, and 
suph has proved to be the case ; it might occur at the base of other mountain 
ranges, as has been abundantly shown. Wherever a lively oyolonio indraft 
draws the air away from the valleys at the foot of lofty mountains, leaving 
them to be filled by the descent of air from the altitude of the mountain crests 
and later by the passage of air over the range, a foehn-like wind may be 
expected. 

These conditions are admirably developed along the eastern base of our 
Boohy Mountains in Montana, Wyoming, and Colorado, as well os in the 
Northwest Territories of Canada. It frequently happens in the winter season 
that as a cyclonic center moves eastward from British Columbia to Manitoba, 
while an anticyclone follows across Utah, an extended cyclonic circulation is 
developed over the moimtain region. The winds that blow northward along 
the plains, as the cyclone advances, are soon supplanted by westerly winds j 
and as these descend from the mountains and flow out upon the plains, all the 
features of the Swiss foehn are developed. The warm and dry wind thus 
produced over a belt of country along the foot of the mountains is called the 
Chinook. While the west wind may be damp and ohiQy under heavy clouds 
with a plentiful fall of rain or snow on the western side of the Bront Bange, 
the sky is fair or olear over the plains, and the clouds are left behind at the 
summit of the mountains ; and although the velocity of the wind east of the 
mountains may be high, and its arrival may be at night, its temperature is 
mild or even warm, in marked contrast with the colder air that it has displaced 
and with the cold wave that usually follows a few days later. The warm 
Chinook may arrive at night as well as by day (see Fig. 10, curve g)\ it quickly 
melts or dries up the snows of preceding storms, thus laying bare the northern 
plains and enabling cattle to survive the winter without protection. An 
isolated area of relatively high temperature may thus be produced by an 
extended ohinook along the eastern base of the Bocky Mountains. Owen^s 
Valley, below the Sierra Nevada in eastern California, should possess well- 
developed ohinook winds. It liea to leeward of a lofty mountain range whose 
western slope is visited by heavy snow storms in the winter season ; but as 
yet no accounts of such winds have been received from that nearly desert 
region. 

One of the most remarkable examples of the foehn is found on the western 
coast of Qreenland, where the oyolonio wind descending from the icy plateau 
of the interior becomes unduly warm and dry, raising the temperature at 
sea level even thirty or forty degrees above the winter mean. One of the best 
examples of its occurrence was during nine consecutive days in November and 
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Deoember, 1876, when it was as warm in western Greenland as in northern 
Italy, and warmer than in Canada, Iceland, Great Kritoiii, and over the 
intervening Atlantic ; at one station of observation it wjis warmer in the 
darkness of the polar night tlian in Franco at noon-day. 

The southern hemisphere lias well-marked foehns in Now Zeiilond, where 
they descend from the mountains and blow as northwesters ” across the 
Canterbury plains ; and again at the easteiii base of the Andes in the 
Argentine Republic, where their o(*.ourreiic(^ jiresiuiiably on the eQuatorward 
side of passing cyclones is symmetrical with that of tho c.liinook in our 
western states. 

249. The anticyclonlc calm. Although it is not at first apparent why 
calm air should bo associated with a group of winds, still under a natural 
ohissificatioii it sooms host to place anticyclones, in which tho winds ore very 
gentle or at rest, in (dose association with the more boisterous cyclonic move- 
ments of tlic atmosphere just considered. Anticyclones possess a gentle 
descending iiiovcnuuit of tho air, and a cpiict nuirginul outflow near the earth’s 
surface, as has heoii (explained in Section 288. They arc in consequence pre- 
vailingly clear or fair and dry atmos])li(u*i(i nigions ; and in tliis r(».HpQet tlicy 
are strongly unlike the cloudy and wet air of cyclonic areas. Hub their 
movoiiieiits are of a dolinite kind, so arii their various other features ; and 
hence they doserve^ cjonsi deration as phenomena having persistent and recog- 
nizable oharm'.t(U’iHtie.H. Ikdng ])revail- 
ingly (dear, tlunr surfiu^o iiir takes on ^ 
the features of tlunr si^ason, and they i 
must therefore ho considonul uiid(*r 
dilTertnit liemls for winter and summer. 

In summer time, when tlu^ nu^an 
vertuial t(nnperature griulient is Alt^ 

Fig. 8(1, tlu^ v(utie.al temporaturo gradi- 
ent of the gniatc^r imiss of tlu\ desciend- 
ing antieycdonic air nearly eoine.idt^s / 
with the adiabatic liiu^ but tlic 
air muir the ground has strong diurnal . 
rang(» of tenuperature, (is iiulieat(*cl by *• 
the downward div(‘.rgene.e of the chjttinl . 
lines Dli and /W; rising to a high 

tem])i^rature by day, ami cooling 

ra])i(lly at night. The low nocturnal ** 
tem])eratiiro generally i)roduccs fog 
in the lowlands ; but the heat of tho siirfae.o air in the day-timo soon dissipates 
tho fog and causes active local convection, generally iiroduoiiig fair-weather 
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ciuniiliiB olonds ; the heat is sometimes exceasiyo onouf^li to risi* to looal 
thxmder storms^ which will he considered in the next cluii)tc‘r. At ilitt 

douds all dissolve away, the air is habitually calm^ and owin^ tin* rapid 
cooling of the lower air by nocturnal radiation, tliur(3 is a distinct, inversion of 
temperature perceptible between valleys and hills; and tlui ininiiuum on anti- 
cyolonio nights generally furnishes the lowest teni])eratnre of the muntli. 

In winter time, anticyclones present veiy difFereut eonditiniiH. 1 'Ih* days 
then are short and the sun lises little above the horizon; iuHolntinn is liriof 
and weds, and the temperature of the lower air in the (d<iar wpiuu* of anti' 
cyclones is do min a t ed chiefly by radiation. TIk^ ground at siu’li tiini*H, 
especially if enow covered, becomes excessively cold and the air ni'ar it. is 
greatly cooled by radiation and conduction. Tlio baric? gnulic^nt.s being faint., 
the air lies nearly quiet and becomes colder and colder as loii^ the anti" 
cyclone endures. Thus the low temj)eraturos innK)rt(Hl by a c*»ld wavo an* 
often followed by etiU lower minima locally ju^odnoed in an ant.icyebmie ealm. 
The cooling may become so excessive that, in spite oC tin? Hiiiall abs<»lute 
humidity of the air, its dew-point is reached and then its lo\vi»r layers arc 
charged with a cold chilling ground fog. It is liowover only (ui land and in 


1 lower air that t.Iu'se extreini* 

h - 7«)0 features arc develop(*d, I n the ndddli* 

; \ 'N + layers of the atinosphnn*, the air is 

\ '\V neither cold nor foggy. Reealling the 

,, \ slow descent of the antioyc’binic* air and 

\ assuming jtli, Fig, 87, iik thi^ nH*au 

\* \ \\ vertical temperature gniciient of nur 

\ - \ \ winter Hoason, it follows l.hat tlii! verli- 

\ ^ \ \ 0 S .1 temperature gKuli(*nt. in winter 

i \ anticyclones, above the rejwdi of t.he 

I ‘ \ stronger influonee of tin* eold surfaee 

\ \ / \ of the earth, will, as in Munimer anti- 

L cycilones, aiqiroiujli close? to tlie adi- 
abatic line, Cp, and thus prodnee an 
extraordinary oontiust l>c‘tweeii the 
+ u ^ 10 ^ 80 ^ 80 ^ and Immiclity of tlie 

Fkj. 87. middle and lower air, illustratj'd by 

A _ , the oxccHsi VO in versions cif l.eni|M‘ral<nri* 

defloending from altitudes above tho limit of 

xirli' Ti j ^ V 2,600 feet a temporaturo gradient siuili jis A7/, 

whioh departs but little from the adiabatic gi-adioiit, C'D,- this iiKlic-nt.'s -i 

ahow^t the increase of temperature may take place during the night, and 
without perceptible movement of the air. Nearer the ground, the len.leney to 
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inoreose of temperature by compression during the slow and almost stagnating 
descent of the air, is overcome by radiation and conduction to the extremely 
cold surface of the ground, and the gradient becomes HG. The upper air 
being extremely dry, we may suppose that at a height of 7,000 feet, where 
the temperature is the dew-point is s. The rise of tho dew-i)oint in the 
descending air on account of conii^rcssion alone would cause it to change 
during descent at the slow rate, vd ; but if a slight addition of humidity is 
caused by the diffusion of vapor upward into the slowly settling air, the dew- 
point will rise at the faster rate, cF. The intersection of JUIQ and c/'^will 
indicate the altitude and temperature of t\w d6w-i)oint in* the lower part of the 
anticyclonic mass ; and below this the air will be foggy. The riwliation 
which Iwforo took place from tho ground is then continued, perhaps less 
effectively, from the upper i)arfc of the fog stratum, and its thickuciss increases. 
Thus while an observer on a moimtaiii peak finds the air in wiiibor anti- 
cyclones of relatively mild temjjerature and pleasant dryness under a olear 
sky, lie may look down on a sea of fog subiiuu'ging the lowlands, where all is 
cold, chilling, damp, and dark. Unlike the fair-weather valley fogs of siuiimer 
nights, these winter fogs survive the day-time also, and may endure for a week, 
in regions where tho progressic^u of the anti<iy(doiie8 is slow, as in central 
Europe. 

It should be remembered that the strong contrasts of toiuporaturo here 
<50iisidered are not alone tho result of (tooling in the lo\V(n' air, hut of wanning 
in tho middht layctrs ivs well 3 and further, that tho iiiountaiiis, on wliieh obser- 
vations at higher levels are gemu’ally nuule, have nothing to do with producing 
the (tontnist, but setrve only as (jonvenient points for observation. Indeed, the 
mountain mass must serve to diminish somewhat the tempcu’ature of the air 
that settles upon it; obsorvatioiiH from balloons would probably givet stronger 
coutnists than those known from mountiiiii stations ; but balloon asoents are 
seldom made in tlie winter sesison. 

Scweral exanqdes oC anticyclonic. inversions in winter may be introduced. 
On Jh^ooiuber 27, 1S84, when the pressure was higli mid tlni wind over New 
England was eviuywben^ light, the (tarly morning tomimrature 011 Mount 
AViushingtou was +1G^ wliibi the records in the surrounding lowlands ranged 
from — 10^* to — 24®; thus showing that tlio reverscHl curvature of the line 
Kig. 87, is probably not exaggerated. Even 1‘ike’s Teak (14, 134') shows 
occjisional higher wint(u- tcjiiixinituriw then Deiiv(U* (5,291') (see Fig. 12, c, d)^ 
and tliese aiipear in all e,aH(5H to bo assoelatcMl witli anticyclones. 

Th(» most nuuarkable exam])lo of anticy(‘.loni(^ inversions of temperature 
yet studied ocicuirred in Europe in December, 1879. The prossui'e of the 
month, rodimed to H(«i level, avt?ragiMl over 770 mm. (30.32 in.) over Austria, 
G(>!rniany, Switzerland and l^’rancwi, with lower pressures on all tho surroundiiig 
regions ; thus indicating persistent anticyclonic conditions for this period ; and 
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the temperature in central Austria and Bavaria for the same time averaged 
leas than — 10® centigrade (+14° R). The lowlanda were shrouded in fog for 
much of the months while the mountain stations reported persistently clear 
weather and mild temperatures^ over twenty Falirenheit degrees warmer than 
the valleys 6,000 feet below them. The view from certain mountain summits 
was described as extending over a broad, smooth sea of cloud which concealed 
all the low country, while all the lofty mountains and here and there the 
higher hills rose above it like islands. 

It is evident that the temperature on low ground during an anticyclone 
differs from that in the presence of a foehn on account of the difference in the 
velocity of descent of the air in the two oases. The foehn rushes down so 
rapidly that it loses by radiation and conduction but little of the heat that it 
gains by compression; the antioyolonic air settles down so slowly that it 
cannot preserve the heat that comes from its compression, and therefore suffers 
its temperature to be controlled by processes of cooling as it approaches the 
earth. It is also evident that all velocities of descent should be represented 
in the great variety of weather conditions between the extremes of these two 
classes of phenomena. If a foehn occurs with but moderate velocity, the 
peculiar features of its class will be faintly developed. If a local breeze 
occurs for some reason in an anticyolonic area, presumably accompanied by a 
more rapid descent than usual of the overlying air, cooling by radiation will 
have less time to counteract warming by compression, and a rise of tempera- 
ture would be noted. Precisely this case has been detected in Austria, and it 
doubtless will yet be discovered in this country and in the interior of Canada. 
Like the bora that may be expected on the slopes of the plateaus of Utah and 
Arizona, the warmer breezes within the extremely cold areas of anticyclones 
should be critically looked for by observers favorably situated for their 
recognition. 

260. Comparison of the foregoing examples. The well mai-ked features 
of the several classes of cyclonic winds and of the antioyolonic calm may now 
be briefly reviewed. The sirocco is warm because it comes from a worm 
region ; it is dry if derived from arid regions, or moist if flowing from warm 
seas into cyclonic centers. The cold wave is cold because it comes from a cold 
region ; it is relatively dry because its temperature rises as it advances. The 
bora is cold in spite of its descent, because it was unduly cold before the 
descent began. The foehn is warm and dry on account of its supply from 
high levels at moderate temperatures and its rapid descent to lower levels. 
The inversion of temperature in winter anticyclones is due to the slow descent 
of their central air ; thus allowing the production of relatively high temperar 
ture and low humidity at middle elevations, and of extremely low temperature 
and high humidity at low levels. Although these various classes may be con- 
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neoted witli one anotlier by inibermediate examples, they are all easily 
recognized when well developed, and hence serve as convenient types with 
which onr many kinds of weather may be compared. They are not normal 
members of the general oircnlation, but are products of disturbances that 
interrupt the steadier flow of the great body of the atmosphere ; they do not 
involve the higher levels of the air, but ore for the most part developed in 
greatest distinctness close to the surface of the earth on which we live. 
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CHAPTER XI. 

LOOAL STOBMS. 

TmiprDBR Storms. 

261. Thtuider storms and thunder squalls. Lightning is seen and thunder 
is heard in many rain storms that do not present the peculiarities of those to 
which 'the name, thunder storm, is best applied. Tropical hurricanes for 
example are accompanied by violent electrical manifestations near their centers, 
but tiiey are not for this reason to be called thunder storms. Light falls of 
rain in tte spring and summer are not infrequently in our country accompanied 
by moderate lightning and thunder ; but these hardly deserve a stronger name 
than thunder showers. The typical and fully-developed thunder storm, with 
its peculiar outrushing squall or gust of wind, is a violent and relatively local 
disturbance, which certain well-marked features of cloud form distinguish 
clearly enough from other kinds of storms. Such storms occur chiefly in wariu 
regions, in the warm season and in the afternoon or early evening. 

262. The passage of a thunder storm. The coming of a well-forin4.ul 
summer thunder storm is heralded by a forerunning layer of cirro-stratus 
cloud, c, c. Pig. 88, commonly appearing in the west during the afternoon ; 
fibrous or hazy at the forward edge, growing thicker and sometimes showing 
smaller or larger festoons (/, /), slowly descending and dissolving from its 



under surface as the great rain-bearing cloud mass (n) approaches. A group 
of Buoh feBtoons, obBerved near Philadelphia, July 16, 1887, is given in Fig. 81). 
The cirro-stratus cover may extend from ten to fifty miles in advance of the 
The temperature preceding the storm is as a rule oppressively higli, 
with light southerly ^nds, which have prevailed during an antecedent dry 
spell 5 but there is a slight cooling as the forerunning cloud cover spreads over 




wostom horizon. DiHtjwit thuiidor is hoard oo th(» thunder lieiidB oomo noaror ; 
and then their low level hasc^ (f)) iimy l>o below which t\w. gray rain 

eiirtaiu (r) trailH to the ground and oonoealR all ol>je(itH behind it ; tlie heiglit 
of the oloudH at their Ikiho being but an eighth or a t<nith of their Huiumit 
hoight Smaller detjie.lKMl oloudH (tl) oft(3n form in front of tlu^ main mass, 
drifting into it and imireaHing in nizo uh they e.oalefloe with the Htorm oloutL 
The entranoo of tlmno detjujhod (doiids (tl) and the ilow of the lower winds (Ji) 



Fi(i. HHb. 

into tlm great Htorm olond do(jH not iiee.eHKarily iui])ly a westward motion. 
They may move to the cant ; for the Htorm iH mlvamdng eastward and will 
tlumi if tluur movement is slower tlian its own. A ragged light gray 
*ffl(|null tdoud” (ft) rolls Ixmeath the groat dark (doiid mass, a little behind its 
forward odg(^ ; and tlm whoh* Htnioturo advances broadside across country at 
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a rate of from twenly to fifty miles an hour. Below the tiloudn and in front 
of the rain is the short-lived outrushing wind squall (y), bninliing np tlm dust 
that has been parched in the preceding drought i a cool bliiHt in strong (uintrikHt 
with the relatively stagnant hot southerly air that preciidnd tlio Htorm, Tins 
temperature may fall ten or twenty degrees in twice iis many minutcw wliou 
the squall arrives, as appears in the tracing of a thermograph riui(»rd, Kig. 1 Ut, 
at Providence, it. I., for July 21, 1885. The barometer, that lian falling 
slowly up to this time, suddenly rises about five hundredtihs of an inr.li as tin* 


squall arrives ; then the wind soon weakens, and the l)ar(iiiiet(^r afbtr shinding 
steady or falling slightly, gradually rises as the storm bnuiks away. Tluj mlu 
begins in large pelting drops shortly after the onset of l'.h(» squall, and soon 
increases to a heavy downpour, often with hail ; and at tlm sanni tiling thu 
humidity rapidly increases almost or quite to saturation. Tlu^ thunder, 
growing louder while the rain approached, now followB quickly after vivi(l 
flashes of lightning ; and by this time the darkness of tlu^ shadow in front of 
the rain is already di minis hing. The storm moves rapidly iw.ross c.ountry, and 
in half an hour, more or less, the rain slackens and tho <douds break in tho 


west. As they drift away, the pure blue sky is seen in thc^ rear of the storni, 
and a little later the rainbow springs over the eastern horizon on tlm after side 
of the rain curtain, opposite the low sun near its setting in tiie wtssl,. Tho air 
is left cooler and cleaner than before ; and the refreshed colors of tlu^ landscmjKS 
brightening towards sunset, form a most grateful coiitrast in ilm hot glare of 
noon and to tho dark uproar of the storm. As the Hl-.cirni reeedi-s and ilH 
t under dies away, the rear of its festooned or hnuik(»to(l ov(u’Ilow (A-) may bu 
seen far in the east, reaching somewhat backward from tlm top of tin* great 
cloud mass, delicately tinted by the rays of tho setting su n. This tdonds rejwdi 
a mountainous height, and retain a pink glow after thoir l«iso is lost, in tJio 
dull blue sky underneath the twilight arch. 


to give the hours and seasons when thunder storms animcHl, aiul itii 

hue found that a decided excess of storms occurs during tl... w .r. . ] . ? 

the warm season and in the afternoon or early 1 . n v 

Of oofflo. fhodotemLini-f 
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from many stations are oharted^ and lines are drawn to indicate the place of 
the storm front at successive half hours or hours, a number of isolated storms 
of moderate size may be detected, all moving in a common direction ; or a 
single large thunder storm may be found, advancing broadside or obliquely, 
with a belt of clouds fifty or a hundred or iiioro miles in length and from ten 
to thirty miles in breadth, exclusive of tlie cirro-stratus cover which in large 
storms spreads out many miles in odvancjo of the rain-cloud bolt. The height 
of the cloud tops certainly ronohes five miles in our stronger summer thunder 
storms, the upper clouds being then of ice 
crystals in spite of the high tejnperature at 
the bottom of the atmosjdiere. The follow- 
ing diagrams taken from various sources 
illustrate well-marked examples of thunder 
storms in this country and abroad. 

Fig. 1)0 is reproduced from the earliest 
map of a storm of this kind in the United 
States, mode by Iliiiriclis no longer ago 
than July, 1877. It occurred in Iowa, whore 
numerous local observations were used to define its advance. The storm front 
became wider as it moved forward ; the heaviest rainfall lay along the axis of 
the storm, amounting to two inches in the sontlieastoni part of the state ; and 
the outrusliing wind H(iuall was of destTuctivo strength at many places. A 

thunder sciuall, charted by Clayton, 
Mg. , began in noi*tbeastorn Missouri 
about noon on fluly 5, 1884, and ran 
flouthoastward with convex front at 
a rate of a little over fifty miles an 
hour, until it ftuled away in northern 
Georgia about midnight. A small 
thuiuler squall of much intensity was 
observed to cross Now England on 
July 21, 1885, Fig. 92, leaving the 
Hudson valley about ton o^cIock in 
the morning, and reaching the ocean 
about an hour after noon. Its clouds 
wore seen and its thunder was heard 
by observers to tlio north and south of its jiatli where no rain fell. Eoneath 
its dark sluidow there wjia a rapid fall of temperature while its brief rain 
shower Ijisted, as illustrab'd in Mg. llrt; but southerly winds and high 
toiiiperatures wore resumed after its passjigo, and maintained until the arrival 
of a much larger storm in the late aftonioon. 
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A remarkable thimder stomi traversed northern and central Germany on 
August 9, 1881, the hourly positions of its somewhat discontinuous front being 

oliarted by Kbppen in Fig. 
93, from nine o’clock in tlu^ 
morning till nine in the 
evening. It gave few light- 
ning strokes, but brought 
heavy, rain, with hail at 
some places, and a violnnt 
outnishing scpiall, lasting 
five or ten iniiiutos and 
doing much damage during 
its brief outburst. Light 
southerly winds with liigh 
temperature (86®), occupiiul 
the region in advanc.o of 
the storm ; cooler westcjrly 
winds (70®) folio w(id it ; 
the contrast of teiuperaturo 
being abrupt on either side 
of the rain front. As a 
rule, however, the thunder 
storms of Europe are less extended and less violent than those of the 
MisBissippi valley. 

264. Convectlonal action In thunder storms. All the features of thunder 
storms point to their dependence on a convectional overturning of tlu^ 
atmosphere. They occur in warm regions and in the warm season, when 



Fig. 03. 
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the ■western horizon shortly after noon, floating eastward in the upper winfiH, 
its further increase to mature size and strength may generally bo seen aa it 
passes the observer. The inflow at the forward lower edge is easily reooipiissod 
by the movement of 'the cloud wisps ; the ascent of the currents within the 
great doud mass is clearly demonstrated by the upward expausioii of the lofty 
thunder heads ; the outflow at the summit is manifested in the cirro-stratus 
sheet, presumably beginning at an altitude where the ascending air is cooled 
to the temperature of the air around it. Sometimes one part of the 
may reach a somewhat greater height than the rest, as if supplied by a ratln‘r 
wanner or moister indraft at the base. When the siuninit outflow is well 
establishec^ it flows forward in the faster-moving upper currents ; sometinum 
toppling over tumultuously, and dissolving away ds it settles to lower levids ; 
sometimes spreading evenly eastward in a broad sheet, more or less distiiicstly 
festooned on its under surface. 

The first traila of rain fall from the base of the cloud and the first pcalrt of 
thunder are heard from •vrithin it at about the time that the top of the cloud 
beginfl to spread out ; presumably because the change from a nearly vorticjil 
ascent to a horizontal outflow fails to support the cloud particles ; they fall 
through the cloud, increasing in size, and reach the ground as largo drojiH of 
rain. The occurrence of hail is also indicative of active conveotionul motion, 
as ■mU be more fully explained in Section 279. Sometimes many sopariitt^ 
thunder clouds move eastward at a common speed 5 at other times, many clouds 
isolated at first seem to coalesce and form the long cloud belts of the large 
thunder storms described above. The constriction of tlio cloud mjiss bctwtHju 
its broad base and its still broader overflow, producing the anvil form, has ^i veil* 
rise to the idea that thunder storms consist of two cloud la 3 rerH, between wliitdi 
the lightning flashes and the hailstones rise and fall ; but this is now contrtv- 
dicted by many observations. The side view of distant storms shows thoir 
cloud mass to be continuouB from base to summit ; and observers on momitains 
or in balloons maJte no report of a clear space between the upper and lower 
levels of thunder storm clouds. The whole mass of the ascending current 
forms a single gigantic cloud. The same interpretation applies to oyolonicj 
storms. Their cirrus overflow is often seen at a considerable height al)ov(j 
their lower cumuHform clouds, -with a space of clear air between ; but this 
characterizes the marginal parts of the storm area, and nearer the oonter it is 
in the highest degree probable that the lower clouds are confluent upwards 
with the upper clouds, as illustrated in Fig. 60. 

266. Geographical distribution of thunder storms. Thunder storms arc 
common in the doldrums all around the equatorial regions. Here they g(iii(»r- 
ally occur in the afternoon or early evening, yielding heavy rain, by which 
the ocean surface is appreciably freshened for a time and its average salinity 
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is decreased as compared witli that luuler the steady-going trade winds (see 
Fig. 105). Although active while they last, the thunder storms of the mid- 
ocean doldrums do not attain the ternfio violence reached by thunder storms 
on or near the equatorial lands, such as are experienced in equatorial Africa 
and on the Atlantic waters to the west of the continent. As far as these are 
described, they seem to have, in a more intense degree, jill the features of the 
stronger thunder sqiuills of our summer season. They are most violent in the 
late afternoon or evening. They possess massive clouds, drifting along in 
the higher winds ; and honeo advaiuung westward and passing from the land 
to the sea. They are surmounted by a (iirro-stratus outflow, as with us. On 
their arrival, the wind aud<lRnly shifts and blows out from l)eneatli the clouds 
with great fury ; and for tliis nuisoii they are called African torniuloes.^ Their 
mill is heavy and is acciompaiiied by blinding fliishos of lightning and a 
deafening roar of thunder. They last only a short time, and as they pass 
away, the atmosplioro returns to its orderly diuriud changes, by whioli the 
torrid zone is so strongly oharatitorized. 

African torniuloes mlvaneo broadsido over the ocetui aftei* the manner 
described above for our tliundor storms ; their long front, stretcliiug across 
the sky, sooms to he higher in the middle than at the ends ; hence the name, 
“ arched squall,” oft(ui applied to Htorius of this (ihiss. In India, storms of 
the same charac^ter swoop down the ])lain8 of tlio Oang(w from the west or 
northwest in the hot sc^ason, and are tlwini wilhul “ nor ’westers.” Further 
inland, towards tin* desert r(»gion of the Indus, the amount of min falling in 
such stonus diminishes ; hut tlui (doiids are formed, and the S(]uall rushes out 
from beneath tluun, misiiig a dcuise e.loud of dust from the paroliod ground; 
and these overtiirnings are conscujuoiitly c.alled “ dust storms.” 

It is probable tluit the siitumm of the Sahara and of Arabia, althougli 
without rain, (flouds and thunder, is of similar eonveotioiml origin, as it is 
cliaracterized by a rapidly-iulvaneing wind, drifting tlic^ surface sands and 
raising great volumes of dust over the deserts. This, liowever, is a hot wind, 
there being ho rain to cool it, and its t(un])eratum being greatly increased by 
the heat tiikon from tlie drifting sand iis w(dl as by strong sunsliino. It has 
overwhelmcsl cuiravans, Huffoeating ])oth men and beasts ; but tlioro is no 
reason to believe in its HU])p()sed poisonous ([ualities. The excessive heat, 
dryiuws and diistiness of the air are its dangerous features. It should, how- 
ever, Imi add<«l that cei*taiu hot winds in deseiiw, doscriliod as simooms, are 
not explained simjfly by referring them to oouvectioiial overtuniings, like 
thunder storms ox(iopt for their dryness. 

In the Argoiitino Ro]ml)lio and Uruguay, thunder storms of great energy 
are observed in the summer season, under the name of “pamperos.” Their 
heavy clouds are i)reoeded by tlu^ long cirro-stratus cover ; their nearer advance 


1 Soo note on this immo, Section 200. 
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discloses the broadside approach of the lower horizontal cloud front, apparently 
arching from horizon to horizon ; the sqnall brushes up a frightful cloutl of 
dust from the dry pampas, and this ia shortly followed by drenching rain 
with incessant lightning and thunder. These storms are greatly dreaded by 
ship masters in the estuary of the Eio de la Plata. 

The doud-bursts ^ of our arid western districts are only oxaggerated 
thunder storms. They are local and short-lived, and seem to result from the 
sudden overturning of a large mass of unstable atmosphere. The clouds that 
accompany these storms have every feature indicative of a oonvoctioiial origin, 
and, as with us, may be placed at the end of a well-contmued series, beginning 
with ordinary cumulus clouds; passing then to moderate thunder showers, 
from which so little rain falls that it evaporates on its way down through the 
thirsty lower air, and hardly a drop reaches the parched ground ; next to more 
active local thunder storms of the usual type ; ajifl all these oulniinating in 
the drenching fall of waters from the cloud-burst. A narrow atrij) of country 
is inundated by such storms for a short distance ; tempoKiry streams then 
rush down channels that are nearly dry at other times, gathering sand and 
dust, a.nd delivering the discharge of the storm to the main valleys in dark, 
muddy torrents, many miles from the place of the rainfall. 


266. Mountain thunder storms. The ascending valley breezes tliat run 
up the slopes of mountains by day frequently become energetio enough in the 
su mm er season to form clouds above the mountain summit, and afternoon 
thunder storms are often generated in this way. They drift away from tht» 
mountain over which their formation began, and the rain that falls from the.ni 
trails down to the lower ground; but they seldom survive long, unh^HS 
other conditions favor their growth. Storms of this kind are W(dl known in 
the Alps and in the mountains of our western territory. It is not iiiicomnion 
for an observer in the desert plains between the mountain ranges of Arizona 
to see several active thunder showers over the higher peaks ; tlieir rain may 
cause a rise in streams from the mountains and enable them to ereoj) further 
down into the desert before being lost in the dry sands ; but very little rain 
falls on the plains from such storms. 

An interesting example of the combined action of the diuimal sea breeze 
and the valley breeze in forming a thunder cloud was recorded by a soa-oaptaiii 
as long ago as 1816 on the mountainous island of Hawaii in the North Pacific 
ocean. He wrote that soon after the sea breeze set in, about nine o’clock in 
the morning, a cloud began to form on the mountain slopes, surrounding tlio 
lofty volcanic summit in the center of the island in the form of a ring, like 
the wooden horizon that surrounds the artificial globe ; and rain was *hooii 


1 This term was originally restricted to rainfalls of even greater suddenness 
than those to which It la now commonly applied in the west 
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afterwaidfl seen to fall in torrents from the doud. This was continued over 
noon ; but towards evening, when the sea breeze died away, the rain ceased 
and the doud soon disappeared ; the air then remained dear until the next 
morning, when the same sequence of changes would begin again with wonderful 
regpilarity. The mountain stood in bold relief, and from where the ship lay, 
a little off shore, the summit could always be seen above the doud even when 
it was densest and blackest, with lightning flashing from it, as happened every 
day ; the rain never extended beyond the base of the mountain, and ail around 
there was a cloudless sky. 

267. Relation of thunder storms to cyclones. The preparation of synoptic 
weather maps, such os those of Figs. 64 and 67, by methods more fully 
explained in Chapter XIII, lias shown that well developed summer thunder 
storms occur in our country and in Europe with greatest violence and 
frequency in the southern or southeastern part of cyclonic areas, more or less 
independent of the cyclonic douds and rain, and from two hundred to flve or 
six hundred miles distant from the center of low pressure. The storms are 
especidly strong when the isobars in this district turn outward from the 
center in a pouch-like curve. When the cyclonic area, as deflned by its 
isobars, takes the form of a trough or “ V,” elongated to the southnaouthwest, 
as in Fig. 64, thunder storms are often generated near or east of the axis of the 
trough, as if along the line of more rapidly falling temperature, where the 
southerly winds arc replaced by currents from the west. 

The general features of tliis important relation are illustrated in Fig. 98^ 
by Hazon. The dotted line 
crossing tlie Great Lakes 
marks th(^ track of a cy- 
clonic center; its jdaoe at 
7 A. M. of May 18, 19, and 
20, 1884, being indicated by 
the figures* of these dates. 

A series of curved lines is 
drawn to locate the suc- 
cessive ]M)sitions of the 
belt along which the many 
tliinuh^r storms were ol)- 
serv(*(l on those days ; those 
of May 18 being broken 
lines ; those of May 19 
being full lines. The posi- 
tion of the belt at certain hours is indicated by numbers at the end of the 
curved lines, counting from midnight to midnight. It thus appears that while 
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the oyolonio center was traversing northern Wisconsin, the belt of easy 
occurrence of thunder storms advanced from eastern Iowa and noi*tliotiateru 
Missouri in the early morning, to eastern Indiana and central Kentucky in the 
evening ; and that on the following day, while the cyclonic center crossed from 
lower Michigan into Canada, the belt first lay obliquely across Ulinois, luid 
then rapidly advanced eastward, increasing greatly in length os if iufliiiuuied 
by the moijter southerly winds nearer the coast, until at midnight it lay along 
the searboard from Carolina to Connecticut. During all this time, a tolcsrably 
definite relation was maintained between the cyclonic center and the iir*^a of 
thunder storm occurrence. It is especially notewoithy that on May II i), the 
advance of the thunder storm belt was decidedly more rapid than tlio pro- 
gression of the cydonic center; os might be expected from the dependence of 
the belt on the winds which flow around the cyclone, and which therefore 
move eastward on the southern side of the cydonic area faster than tlio pro- 
gression of the center. 


It is bdieved that this relation of thunder storms to cyclones gives fiirtlu^r 
evidence of their dependence on atmospheric instability j but the instability is 
now seen to be determined not only by local heat due to sunshine on tli<i day 
of occurrence, but also by the importation of air masses in the oyclonio 
lation from different sources and with different temperatures. The foll< > wing 
considerations will make this plain : Kastward of the cyclonic center, its 
inflowing winds partake of the nature of the sirocco ; their vertical temperature 

gradient is represented by the line CDM, ’Fiy;. t)0 ; 
they have a relatively high humidity when com- 
ing from the ocean, as has been explained in 
Section 245. Westward from tlie cyclonic ct!nt(^^, 
the winds possess something of the charac.tcir- 
istics of the cold or cool wave, with a vorti(iiil 
temperature gradient represented by tho liin^ 
FGHj and a relativdy low humidity. It is not 
possible to state how greatly these vei*ti(uil 
temperature gradients depart from AJ3, the mean 
vertical temperature gradient for the rogioii 
and the season; but it is believed that their 
departures are of the kind here indicated. In the 
next place, numerous studies of cyclonic circu- 
lation have shown that the higher currents blow 
more to the right than the surface winds. It 
therefore follows that in a region between the 
district of the sirocco and the district of the cool 
wave, ttere may be a warm surface southerly wind overlain by a cool south- 
westerly wind; or a worm southwesterly wind overlain by a cool westerly 
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wind ; and in this region, the vertical temperature gradient must have some- 
thing of the peculiar form indicated in the curved line CDGH. 

It is at present impossible to give luiy detinite value to the gradient, 
CDOJECj at various altitudes ; but the considerations presented above mtike it 
extremely probable that in the region Hoiitluuist of tlio cyclonic center, the 
southerly surface winds with high teiupcraturc and liigh huinidiiy arc overlain 
at a considerable altitude by wostcn-ly winds of lower temperature, and lower 
humidity; and it is manifest that if any such arrangoiueut exists, the oppor- 
tunity for strong convectioiinl overturning is tlnu-eby greatly increased over the 
opportunity arising only from the local heating of the lower air near tho gi-ound. 

The occurrence of tho greatest numl7<^r of thunder storms at or shortly after 
tlie hottest hours of the day shows that tho provocation to overturning that is 
caused by lociil and diurnal warming of the lower air is an ofFeotive assistance 
to the larger instability due to iiiiportatioii of unliko air-masses ; tln^ vertical 
temperature gradient then having values indicated by tho lino JD'GIL On 
the otlier hand, if a decided instability is caused by importation, thunder 
atorms may oontiuuo to develo]) after nightfall, when tho cooling of tho lower 
air has changed tho value of the teiuptjraturo gradient to Kiy^GJL It is liow- 
•evor inaiiifcBt that theory htis outstripped ohscuwatioii in this matter ; and 
until julditioiial hicts are dise.overed by observation on inountains or in 
balloons, tho disctission of tho si}C(ual value of vertie^il toinj)eraturo griulieiits 
in eyeloiiie. areas necid not be xmrsued furtluir. 

There is, however, another way in whicli tlm cytdniiic importation of air 
masses from diverse sourei^s and with dilTi^nmt tmnperatures and humidities 
luis been thought to aid in tln^ prodiie.tion of thunder storins, ])articuhirly in 
the developnumt of those Htorms tliat advanc.e broadside with a long front. 
This is by causing a UtUmil instability in trough-lik(^ o.ycdonicj areas, mtross tho 
bolt whore tho <jool and dry wi<st(5rly winds mlvamu^ (dose to tluj area ocempied 
by tho warm and moist southerly winds. An i»xample of a eyclonm trough of 
this kind is shown in Fig. 04. It is prohabh^ that, in this (ms(^ as in others, 
the higher meunbers of the westerly (Miunmls overniii the soutlnudy winds for 
a cousidcuahh^ distaiua^ esistward of tho lim^ that sc^jiaratcis tlm two winds at 
tho Hurfiuu^ of the (Mirth ; for iHohit(Ml loc-al Hiorius rrcupKuitly Bi)ring up within 
the ariMi of tho southerly winds, with warm air (jxtimding many miles west of 
tlndr rain. Hut along tlu^ liin^ or Ixdt wh(»r(» tln^ ('.ooler wind invad(?s tho ai‘ea 
o(*.(uii)i(*d by the warmm* wind, it hcmmiih iih if tin*. latt(jr w(ire raised by the und & i '- 
running of the former, and thxis (•.aiiH(Kl to roll over on itself ; the ascending 
portion of the roll heung roc()gniz(Ml by th(^ formation of groat thunder storm 
clouds. Storms of this kind may i)erliai)s he distinguished by the ^Jorsistonce 
of the change of tomp(U'aturo and winds that tiny introdnet*. Many of our 
larger storms may ho referred to this cause ; and the German storm, Fig. 93, 
is thought to ho of tho same kind. 
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without developing fully into thunder storms, are characteristic of this region. 
A storm of this kind occurred in southeastern Massachusetts on July 17, 1889, 
while its parental cyclone was far down the St. Lawrence valley. It caused a 
heavy fall of hail, by which several valuable cranberry crops were laid waste. 
Finally, it is not uncommon to encounter thunder storms within anticyclonic 
areas in summer time ; and here the instability on which the ovei*tumiug 
depends must be referred entirely to the local wanning and moistening of the 
lower air by intense insolation under the clear anticyclonic sky, the vertical 
temperature gradient taking a value indicated by JSZ), Fig. 80. 

258. The progression of thunder storms. The general tulvanco of thunder 
storms eastward in the temperate zone and westward in the torrid zone, has 
already been stated. It apiMiars from this that, like smaller clouds on the 
one hand and like larger cyclonicj storms on the other, thunder storms advance 
chiefly by drifting along in the general currents of the atmoBj)liore in which 
they arc formed. Tlunr relation to cyclonic storms linds further illustration 
in this resiwct, for they move in directions al)Out at right angles to the lino 
running to the cyclonic ctmter ; if they are fornuMl in the soiitli eastern 
quadrant, they genm-ally twlvance towards the northeast; if in tlio south- 
western qiiiwlrant, they move toward the soutlKMUst. A few exainjdes have 
been detected in Eiirojx^ north of e.ycloiiic coiiters, and moving toward the west. 

The velocity of progroHsion of thunder storms, commonly from twenty to 
fifty miles an lioiir, is HoiiKUvliat greater than that of the cyclonic centers that 
they aooominiiiy. Siudi a residt might have been expected because the local 
storms are borne as a rule in the winds wliicli flow around the largtu' storm 
centers in the diree.tioii of th(»ir progression. This is illustrated in Kig. 98. 
The avenige jirogressiou of the (^yeloiiie eeiiter wjis, in this ease, twonty-ono 
miles an hour ; of the thunder storms, forty-one miles an hour. 

The (X)urse followed by thuiubn* storms within the cyolonhi area gives 
strong eoiiiirmatiou to th(3 suggestions of the preceding section regarding the 
overflow of weBt<udy (Uirrcmts above the soutluirly winds. Even the isolated 
thunder storms tliat ar(3 formed soxitheast <if the cy(donio center, far within 
th(3 aim of the soutlun-ly winds, move eastward, being borne along by a high- 
level current in that dire(itlon. 

Tlio eastward progr(*ssion of tliuiub^r storms in temporate latitudes 
(‘.oustaiitly carries them from the warm air of day-tiino into the cooler air of 
tlie night. They commonly gather strength during the afternoon and weaken 
in the evening, generally (uidiiig before niidiiiglit after liaving traversed a path 
of two, four or six hundred mihis in length. Ocjcasionally tliey endure longer, 
and it is ])OSBiblo that some which havt^ Ix^en obsc^rved in the early moniing 
hours have lasted ovc^r from the jirevious day ; but there is no decision yet 
reached on this matter. 
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There is a very wide-apread belief that thunder storms follow vulh\y8. 
Local reports mention over and over again the apparent deviation of tlnni(l(‘r 
storms from the higher ground occupied by the observer, in order to follow a 
river course on the north or south. It is possible that an additional Htrtmgth 
may be given to cloud growth when it is supplied by damp aii’ from low 
ground, and thunder storms may in this way grow towards valleys ami W(«akon 
over hills. . It may be that the stronger centers of action in a long thuiuhu' 
storm front seem to pass more commonly to one side than directly over tlui 
observer, and that this is then interpreted as “following a valley but it 
may be safely asserted that thunder storms as a whole move over hills and 
valleys without significant deviation from their direct course. Tlio examjib^ 
given in !Fig. 92 of the thunder squall which crossed Hew England on iluly 21, 
1885, affords a striking illustration of the disregard of high and low ground j 
it crossed the Hudson valley, the Berkshire plateau, the Counocticuit valley, 
and the highland next to the east without any perceptible regard for tlunr 
strong relief. However this may be in mountainous regions, it is (de^ar that 
the surface of the eastern United States seldom has a strong enough rt»lie*f to 
infiuence the course of thunder storms. They move in air curreiitH ho vast 
that they are indifferent to the moderate inequalities of the land. 

The suggestion made above as to the aid given by the muistcu* air of 
valleys in the growth of thunder storms may have an important U]>] dictation 
regarding the place of their more frequent beginning. It is suspcctod that the* 
storms of Hew England frequently form in the Hudson valley about noon, and 
therefore arrive in Hew England in the late afternoon; Bavarian thunder 
storms have similarly been referred to the lowlands of the middle lUiiiut oh a 
place of beginning; but further observations are needed on tliis point 


259. The thunder squall. The violent outrushing squall of cool wind that 
commonly precedes our stronger thunder storms has been regardoil by Hunu^ 
observers as contradicting the belief in the convectional character of the Ktorni 
as a whole ; but when the subordinate dimensions and position of the Kcpiall with 
reference to the other ports of the storm are properly perceived, thin c-ontrii- 
diction entirely disappears. The squall does not reach to a great height abov«^ 
the surface of the earth; its upper limit must be below the dark lower front 
edge of the stoim cloud— perhaps half a mile or less above the ground — for 
there the wisps of the cloud front demonsti^ate an inflow with resneet to the 
storm m the most unmistakable manner. The squall does not ext<nid far 
eyond the front of the mam cloud mass ; further in advance of the cIoikIh the 

obliquely or directly towards the approjudiing 
stonm ^g. 100 represents the lower front of a thunder storm, with the 
squall below it; showing the space bounded by the letters digs, Eig. 88, cm a 
larger scale. The dimensions of the squall are therefore relatively small, cvem 
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though its violence is excessive. It is a forward outflow from the bottom of 
the Btorm.^ but its occurrence by no means indicates tliat the whole mass of 
air in the storm is descending. 

The cause of the squall has been sought in the downward brushing of the 
air by the falling rain ; but the squall sometimes occui's under storm clouds 
from which no rain falls. It has been ascribed to the descent of air that has 
cooled under the shadow of the cloud ; but it occiu’s at night as well as by day. 
It is beat explained^ following a suggestion by Porrcl, iis the result of a down- 
ward reaction from the upward expansion of the great moss of air involved in 
the storm cloud. It is therefore analogous to the seaward reaction of the 



expanding air over a warm land area, by whicli the incioming of the morning 
sea breu^zo is delayed (Sect. ICl). It may oven bo (‘.omi)ar(ul to the ''kick” of 
a gun, and with mure justice tiuui at first appears. In the convectionol 
ovtutuniing of (doudloss air, the expansion of that which ascends is practically 
countor-balaiKUid l)y tlui (‘.omprosKioii of that whic.h descoiidfl 5 and hence there 
is no considiU'ablo change of volume as a result of the overturning. But in 
(•.onv(«!tional m'.tion where (douds are forimul, the volume of the air eoncemed 
in the ov(U’turuiiig is acttnally greater aftc.r than before the cliange. The 
descending air is compn^HscMl at the usual rate ; but the ascending cloudy air 
exx)anda more than in the first (sasc, hecauso its cooling is retarded by the 
liberation of latent hc‘at from its comleiisod vapor. To gain room for this 
increase of volume, a considcu'ahle mass of surrounding or overlying air must 
bo pushed away by thti {iseending and expanding air ; and in reacting on the 
groimd it ]>ressc8 downward with more than its weight ; thus causing at once 
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the slight rise in the barometer as the storm comes on, and the outi'usliiiig 
squall wind. 

The development of the squall chiefly along the front of the storm, itH loss 
violence on either side, and its absence in the rear seem to be chiefly a result 
of the forward motion of the storm as a whole. The entire cloud inaBS iloats 
forward at a rate of from twenty to forty miles an hour. Paii; of the ai i* 
is pushed outward at the bottom. At the rear of the storm, the outwartl ])Uh1l 
is neutralized by the forward drift ; moreover, the inflow that supplii^H tlic^ 
doud is here relatively weaJk. In front of the storm, the two velooitiim of 
progression and expansion are combined, and the outflow thus beooincs a 
destructive squalL This explanation is conflrmed by the occasional ocourwuiec 
of stationary thunder storms, in which the. squall is felt with about (upuil 
violence on all sides of the base of the cloud. 

A gray roll of cloud is generally observed at a little distance bock of tlui 
dark lower doud front ; if carefully watched, it may be seen to turn h lowly 
between the inflow above and the outflow below. Its presence seems to tinpcnd 
on an eddy caused by the squall, and it is therefore called the squall cloud, as 
in Fig, 100. A little way behind it, ragged cloud margins may be seen, from 
which the wisps settle down and dissolve away, as if brushed down liy the 
squall wind. 


260. Nocturnal thunder storms. A peculiar exception to the general ruhi 
of the occurrence of thunder storms in the hotter seasons and hours is found 

over the North Atlantic ocean in the middle and higher latitudes and 

probably over other oceans in similar latitudes — and on the bordering (jojists. 
In Iceland, for example, of twenty-three thunder storms recorded tlnw. in 
fourteen years, twenty-two were noted in the colder months and twenty were 
heard between sunset ^d sunrise. In Norway, most of the thunder storms 
occur on su mm er afternoons; but the smaller number observed in wint«‘r 
along the coast are more common at night than by day. The same rule holds 
good for western Scotland. Over the ocean, the excess at night seems to hold 
good ; but the proportion during difEerent seasons is not well made out. On 
OM New England coast, winter thunder storms are relatively rare ; but when 
they occur they are generally nocturnal. 


The dear indication of oonvectional action in summer thunder storuiH 
on land le^ to the belief that those of winter at sea should bo oonvecticiiial 
^o ; but in that oase, their occurrence at night remains to be explained. It 
hM been su^ested that the reason for this may be found in the development 
o ^tabdi^ at snoh times by the excessive cooling of the upper layers of 
Mr by ra^ation from the lo% cydonio cloud sheets in whioH winter marine 
^nder storms are developed; while the lower layers of air, on or near the 
ocean surface, are maintained at a comparatively high temperature. This 
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might be reasonably expected along the path of the Gulf Stream, or in warm 
winds derived from it. The resemblance of such a process to the development 
of the bora (Sect. 247) should be noted. 

261. Atmospheric electricity. It is necessary to make a brief digression 
here in order to introduce some account t)f atiuoai)herio electricity in general 
before speaking of its more intense inanifoatations in thunder storms. The 
air nearly always possesses a slight poaitive electric charge, compared with 
the earth. The soui’ce of this charge has been vtirioualy ascribed to the forma- 
tioii of vajmr from water surfaces — but it is doubtful if the process of quiet 
evaporation suffices to account for it ; to the friction of air on bodies that 
resist its motion, os dry air in dusty whirlwinds — but the quantity of 
(dectricity thus produced is small ; to tli(» friction of water particles and dry 
siiow-tiakea in the upper part of agitated clouds — but this process seems too 
exceptional to servo as the cause of so general a result. Further investigation 
is needed on this subject. 

Ill studying the electrical condition of tho atmosphere, it is found that the 
iwsitivo i^otential incrooaes with altitude alK)ve tlic ground. It is subject to a 
slight, doiildo diurnal variation, best observed in aettlcd clear weatlier, having 
iiinocinia in the morning and ovoning, and minima before sunrise and in the 
afternoon. It has also an irregular variation, iu‘.c()m]}anying clianges in the 
weather ; the positive charge being greatest under a clear sky, especially in 
the dry, cold air of winter anticyclones. In tho i)roB(ino6 of (douds, the charge 
varies greatly ; sometimes boooiiiiiig negative, or frecpiontly changing its sign, 
especially in thunder storms, when its iluc.tuations arc great and rapid. Its 
variations arc tlmridore intimately oouuectod with tho quantity and condition 
of atmospheric vapor. 

As a rubs tho eh^ctricity of the atmosphere docs not suffice to produce 
atti'iiotivo or ropiilsivo fonics of sufficicut amount to (uuise significant move- 
ments of tho air, Exoej)tious to tliis statc-incnt may, perhaps, bo found in 
thundor storms, but ovcui thorcs the general movement of the air seems to 
follow a ('.onvcictional and not an electrical c-auso, as has already been described. 
Although many attempts have been nuule to explain local storms by electrical 
action, it has not y(^t been si own that tlie observed electrical forces nearly 
Huflic.e to *io(?()unt for the results witnessed ; nor Inis there boon offered in such 
theori(m any n^asoiiablo and Hufludent (jause for the local development of 
electricity evim in its observed insuflunmit ainoiiiits. It is manifest that a 
tenabhi (ihictric-al theory of storms must ])roHeut a valid cause for the concen- 
tration of tho clnctri(dty by wliitiU storms are to be produced ; and that a 
theory is doubly at fault in (‘billing upon an unexplained charge of electricity 
to produce results not accordant in quantity and quality with the observed 
effiMitSf of electric octioiL For oxamido, in the working of a glass plate 
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eleotrioal maoMne, a su£ 6 oient force must be applied to turn the plate before 
the sparks appear ; so in the atmosphere, sufficient forces must be in operation 
to produce the intense charge that results in lightning flashes ; but in both 
caees, the electric action is essentially the effect and not the cause of the other 
motions. The working forces of thunder storms are best aocoimted for by the 
conveotional processes already described ; and it is therefore more reasonable 
to place the lightning along with the clouds and rain, as secondary effects of 
the convectional storm, than to regard any one of them, itself not accounted 
for, yet serving as the cause of the others. While atmospheric electricity is 
an important branch of terrestrial physics, and while in thunder storms it 
attains an extraordinary display as an effect of the storm, it does not generally 
appear to be a factor of much importance in the processes of meteorology. 
In studying the general and local movements of the atmosphere, we are 
hardly more concerned with atmospheric electricity than with atmospheric 
composition. 

262. Lightning. The identity of lightning with artificial electric sparks 
was suggested by Franklin shortly before the middle of the eighteenth century 
and demonstrated by experiment in France shortly after, as well as by Franklin 
himself in his famous experiment with a kite in Philadelphia in 1752. 

When the growth of thunder storms is observed from their first appearance 
as cumulus clouds, it may be seen that lightning flashes first occur at about 
the time when the cirro-stratus sheet begins to spread out from the top of the 
doud ; and that from this time on the electric activity of the storm increases 
with its further doud growth. The quantity of electricity in the cloud is 
contiQually increased by the inflow of moist air at its lower margin. It is 
bdieved that the electric potential is increased by the aggregation of many 
extremely small cloud particles into a smaller number of larger droplets, and 
finally into rain-drops 5 for the initial charge resides on the surface of each 
minutest partide, and with the successive aggregation of particles, the quantity 
of electricity increases faster than the surface area of the droplet. Thus with 
the growth of the cloud, there is both increased potential and increased quantity 
of electricity. It is probable that this process goes on in all coses of cloud 
formation ; but that a potential high enough to cause lightning flashes is pro- 
duced only when the cloud growth is rapidly and continually augmented by 
inflow of moist air at the base. Then the doud droplets, suspended in the 
ascensional current of the cloud, gain a continual increase in both the quantity 
and potential of their electric charge, until a flash occurs. In our ordinary 
cyclonic storms, the doud growth is gradual and the vertical component of 
movement is much slower than in thunder storms ; hence there is less oppor- 
tunily for the increase in the quantity of the charge by the process above 
s^ggBsted, and flashes are relatively rare. In tropical cyclones, where the 
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convectional process is much more active than in our latitiidesj lightning is 
often frequent and vivid. 

It is probable tliat when the different parts of a thunder cloud are thus 
variously charged, the lightning flashes depend for their opportunity in great 
measure on the movement of cloud masses and rainfalls within the storm. In 
this way, voliunes of cloudy or rainy air of different (jlmrges may move alwut, 
rising or falling until they come within striking distamw of one another, or of 
the earth. It is also suggested that the diseluirge of a flash may allow the 
union of many small droidets that wcu*e before held apaxii by electric repulsion, 
and thus locally promote the fall of rain. The heavier fall of rain that often 
reaches the ground shortly after a brilliant fitmh of lightning may perlui[)s be 
explained by either one of these thoorios ; being regarded as the cause of the 
flash in the first, and the effecit of the flash in the second theory. It is also 
possible that an intensely (diarged fall of rain may charge the particles near 
its path by induction, causing thmn to attract one suiother and thus promoting 
their coalescence luul an incnuise in their potential. 

Lightning flashes consist of several extremely brief sparks, each one 
almost iusttintaiieonH, separat<ul from one another by small frac^tions of a 
second ; hence the vibrating or flickering ai)p(uirauce of lightning often 
noticed. The composites natuns of a flash is easily shown by looking at a 
thunder storm through a narrow slit in a rapidly-nsvolviiig discptlio slit 
being sc.eii in sisveral apjsareiitly stationary ])<)sitious at ciush Ihisli. The 
BUCccHsivcs sparks ares sonnitinKss separately visibbs to tins unaided csye. Ea<ih 
sjsark is bcslhsved to consist of many exc.<»Hsively rajsicl (sbustne undulations, 
wliic.h (u*aH«s when tlndr energy is exliaust<s(l in overcoming tins resistances on 
tlioir path. 

r>y far the greater number of Ihislios j«iss from oins cloud to anotlusr. It 
is probabhs that they blnm btsgin and (snd in inminnsrable lims branches on 
countltsHH (iloud jiarticles, and that, tins braiuilies unitis in the spaces iHstwecsu the 
clouds to form tins single or c.oniposiUs trunk ilash that wc commonly observe. 
The brighten' tesrininal Isrunc.bess ans Hoinetiines visibbs to tins esye ; but they arc 
better ])(*rcciv(S(l on a scmsitivis photographic plate, esxposesd at night in tlie 
(lir(*(stiuii of an ac.tivc storm. Sonustinnss the flash passes from a cloud out to 
tins ()p(>n air, gradually dissipating itseslf. The length of flashes may reach 
several miles; but this inus seldom beesn well de.tnrmiinsd. When a fliwh stiikes 
the (>arth, it e.ommonly se'hse.ts some chsvated point, sinsli tis a tree or (sliurch 
spire. Tins gnsater part of tins disesharge may then (sute.r at a single point; 
but brane.lnss are oftesn obsesrved elivtsrgiug towards various objects on tlio 
gromnl, and sonnstiiin^s in gnsat number, likes the roots of a trese, or the 
lino (sndings of a nesrve. A fliisli eloess nest fedlow 2Ui angular zig-zag line, 
2is it has besesu e.oinme)nly respresentoel in pictures ; ])liotogra])lis show it to 
ran in a sinuous path, somewhat like a river course. An apparently looi)ed 
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or reoTOBsiiig flash, may bs produced by the foreshortening of a twistoil or 
helical path. 

Lightning may be seen over great distances. Thunder storms in nortliom 
Italy have been witnessed in southern Germany, over the intervening Alps. 
The illumination of distant thunder douds by inaudible lightning flnshoH is 
commonly called heat lightning; but this is not shown to differ from ordinary 
flashes, except in its distance from the observer. The occurrence of Hlioct 
lightning, reported by various observers, may be generally explaiuod oh 
the illumination of douds by inaudible flashes ; but it is possible that dis- 
charges in the thin upper air may be quiet and sheet-like, rather than noisy 
and disruptive. 

Discharges of atmospheric electridty occasionally take the fonn of ^Icdxi 
lightning, having the appearance of luminous balls, seeming to be a foot oi: so 
in diameter, moving at a moderate vdooity and passing about among objix'ts 
near the ground; remaining visible a number of seconds, and ooiuiiionly 
disappearing with an explosion. "No satisfactory explanation has been ofT(U‘(ul 
for this curious phenomenon : careful observation should be ma<Io of it. W('ak 
brush-like discharges, known as St. Elmo’s Are, are sometimes observed during 
stormy weather on trees and house tops, or on the yards and masts of voHH<dH 
at sea. A similar appearance has often been noted on mountain suniiuitH 
within storm douds ; all pointed objects being surmounted by a bluish ttaiiu*- 
like light, from which a buzzing or crackling sound is omitted. The fiugei's of 
an observer may thus discharge an deotric stream into the air. 

263. Thunder. The brilliancy of lightning is due to the excoHKiv(^ 
vibration of the luminiferous ether caused by the flash ; the deafening huuiuI 
of the thunder results from violent vibrations excited at the same time in tlui 
air. The sudden heating and electric disturbance along the path of the iiiish 
have much the same effect in producing sound as the flring of an oxploHivt^ 
substance. When a flash occurs near the observer, the sharp crackling rojiurts 
first heard come from the smaller branches that are nearer than tlie trunk ; 
the heavy crash immediatdy following comes from the nearer part of the trunk 
fiash ; and the rolling thunder that then succeeds comes from the more distiuit 
part of the trunk, as well as from reverberation among the douds. The rolling 
is greatly intensified among lofty mountains. 

As sound travels through the air with a velodty of about 1,100 femt a 
second, the distance of a flash in miles is roughly equal to one-fifth of tb(^ 
number of seconds — or pulse beats — counted between the fiash and its 
thunder. It is sddom that a longer interval than seventy or eighty seconds 
elapses between a flash and its sound. The velocity of progression of a 
thunder storm may be estimated by recording the time at which suoceRRive 
flashes appear, and determining the distance of each one. In doing this, it 
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will te noticed that the nearest flashes geiiendly occur just after the beginning 
of the heavy rain ; that is, near the front of the storm, where tlie inflow of 
moist air and the cloudy condensation of its vapor are most active. 

264. Lightning strokes and lightning rods.^ When lightning strikes the 
earth, it sometimes fuses the sand along its path, forming vitrified tubes or 
fulgurites, having a depth of severid feet below the surface. A flash may pass 
along beneatli the sui-faoe at a slight depth, turning up a furrow of earth, 
probably by the sudden vaporizing of tlu3 moisture that it encounters. In 
striking tines, the hark may be s^dit off, or the trunk shattered j but if the 
bark is smooth and well wet by rain, littl(» injury may be done. When on 
luiproteeted houses is struek, its walls are more or less fwuitured, and if built 
of wood, it may be set on fire. There is no tnith in the saying that lightning 
never strikes twice in thi3 same phice. 

It is ropoi^d that in the six years, 188f^l800, there wore 2,223 buildings 
set on Are l)y lightning in this country, or 1.8 ])er cent of the total number of 
fires; the loss thus oectisioiied being $8,886,820, or 1.2fi per cent of the total 
fire loss. It is furtlmr reported that 200 jku’bouh wei*e killed by lightning in 
this country in 181)1, and 21)2 in 1892. Over 95 per cent of these casuidties 
occur butwecui April and H(3pt(uiib(u*, or within half of tlie year. When a 
person is api)arenUy kilhul by lightning, it may \m that no ixu-manent uijiiry is 
effe<?ted, but that respiration is stoppcul by a temporary paralysis. Efforts to 
restore n^spiratiou should be continued for an hour. 

All these disriijdive and liarinful effec^ts are <iaus(3d by the exixmdituro of 
the eiKirgy of the ihish on jjoor or insiiilleieiit eonduetors tliat liappen to lie in 
its path. It is therefore dc^sirable to protec, t Isiildings l)y providing them witli 
conduc.tors or lightning rods, in whicdi tln^ undulating sparks of the Utish may » 
X>asB easily, leaving tlicm to exhaust theniHelv('H (dsewhore. Lightning ooiiduo- 
tors are hi^st matle in the form of (xmtinnous «ioj)por rods or tiipes torminiiting 
upwards in om^ or s(3veral shari) jHuntH, ttui or liftcum femt above the building; 
and extending downward beneath the building dec^p enough to bo in i)orimuiflutly 
W(?t ground. Tim last point is <3xtreinely important ; miuiy rods ftiil to protect 
buildijigs by reason of the neglec.t of this essential in their eoiistructiou. 

It is found, how(»v<u’, that bnihlitigs are sometinu^s injimul even when 
providtxl with good rods. The eauH(3 of tliis diflleulty S(uuii8 to lie in the 
varmtion of tli<» intensity of flashoH. Moderat<3 discharges oiui be safely 
dispoRixl of by ordinary rods ; but exc.(msiv(j discharges ovorwhobu the 
cfmdnc.tors or tluur (ioiincxitiou with the ground ; and then destnictivo branching 
may occ-nr through th(3 bnihling. A number of tall trees near a house probably 
afford better probxition than most lightning rods. 

1 Soo ** LlgliUilng Coutluotors and Llgbtulng Guarcls," by O, J. Ixxlge. 
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266. The atitora boreallSf often caJled northern lights, is an illumination 
of the atmosphere in arches, streamers, patches or sheets of wliitish, yellow, 
green or red light, caused by diffuse electrical discharges chiefly in the thin 
upper air. It is occasionally bright enough to be seen in the day-time. 
Although irreleyant to the chief subject of this chapter, some account of it is 
conveniently introduced in connection with atmospheric electricity, of which 
it is a peculiar manifestation. . 

The aurora is most common and brilliant in relatively high latitudes, 
along a belt that follows near the shores of the Arctic ocean from the North 
Cape of Europe eastwaoed to Point Barrow in northwestern America ; theu(j(j 
somewhat southward, so as to pass through Hudson Bay in latitude (50°, aiul 
a little south of Greenland ; and obliquely northward again between Iceland anil 
the Paroe. On either side of this belt, the aurora is less common ; and in the. 
torrid zone, it is rarely observed. The aurora australis is seen in high southorn 
latitudes, but its distribution has been little studied for want of obsorvations. 

As commonly seen in our latitudes, the aurora begins with the formation 
of on arch, more or less complete, with its. apex in the magnetic moridiaii ; 
the lower side of the arch being better defined than the upper, and sky 
beneath seeming darkened by contrast ; but stars are visible there as well as 
through the aurora itself. The angular altitude at which the arch forms is 
greater in higher latitudes, until in the belt of greatest frequency the arch 
crosses the zenith, stretching at right angles to the magnetic meridian. 
Further towards the pole, it is seen to the south of the observer. The are.h is 
sometimes evenly illuminated ; sometimes convoluted like a folded (surtiiiii ; 
but it is more commonly banded with rays nearly at right angles to its curve. 
In the greater displays, the rays are prolonged upwards into streamers, which 
seem to converge in a corona high in the sky, nearly in the direction iiidiiiiited 
by the south end of a magnetic dipping needle. The light of the streamc^rs 
often flashes rapidly, whence the name, merry dancers,^^ sometimes giviiii to 
them. After its formation, the arch frequently moves slowly away from the 
direction of the belt of greatest frequency ; that is, towards the eqmitor in our 
latitudes, and towards the pole in the Arctic regions. As it moves, it Inis boon 
noted that the apparent breadth of the arch diminishes on approaching the 
coronal point ; that the streamers make a more and more acute angle with the 
arch until they coalesce with it when it passes through the coronal ])oiiit ; 
that the brightness of the arch is greatest when it is narrowest ; and that on 
passing the coronal point, these changes proceed in the reverse order. It is 
concluded from these facts that the arch is like a sheet, hanging nearly 
vertical; and that the rays or streamers are nearly parallel, their apparimt 
divergence from the coronal point being an effect of perspective, like tliat by 
which the beams of the sun shining between olonds, or the paths of a group of 
shooting stars are given an appeai*ance of divergence. 
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It is bclu*vi*(l that thn aurtiral an*li is a iiicin* <ir loss c‘xt.mult‘(l unj of a 
<andt! \vlu»sr jilano is at. right, unglrs !.(», atid wIhksj* im'IiUt lirs in tlin iiiagnntic 
axis nf thn oarUi. Arcppling this rniudnsiou. Mn* langhl nf lint andi has h(H»u 
found to vary hrt-wtMUi lu* and liSl niilrs, averaging h'lO inilos ahnvn tlm nart-h’s 
Hurl'ano. It.s simaiuars si»nm t*» rxlrinl In nvi'ii grt‘at.i*r Indglil.s, On Uu^ oI.Iut 
liand, faint, rays haw l«M»n ri‘|HU*li*d as lndn;; visihh* h(d.\V(‘tMi an ohsnrvi'r and a 
indghhoring mountain ora h»\v i-huid, Synloniatii* olisorvatious hy niinn'nnis 
<>l)Sorv(‘rs an* iummIimI on thin |i(iinl. 

Ih'sidos i.hi‘ giMtnndrii'al forins of artdioK amt stroamors, tho aurora Inis 
many irn'gular apiioaranron, of wliirli no aorount. van hi* given hare. Its 
duration varies greatly, from a faint light for a few minnies, to lirilliant 
displays lasting man\ hoars, or perhaps enduring over ac'veral days. Tlmse 
greater ilisjilays havi* lieen witnessed over large parts of tin* earth ; while the 
ordinary lights are ri'lati\ely loeal. The relation of auroral ilisplays to 
atiuospherii* eonditions, raielt as eotilnd weather eluinges, is not well niadi^ 
out, although the\ are eoninioidy assoeiated with fine elear skies. Oerltiiii 
Aretie ohservat ions, during long pidar nights, indieate that the aurora is more 
frispient in the iioetunial than in the diurnal hours. It exhihits a dmddn 
animal perio»|. hein*; imire eommou in Mareh and OetolHu*, mid less eonimon in 
tiannary ami •luiu*. It also ha:: a period of greati'i* freipieiiey ahoiit, every 
eleven yi'ars ; numermis aurorae eorrespoudiiii*; \^ith uumerous luui-spots, and 
with till* jUroiigi*!* ili:.f urham’eji of the magnetie uei'dle ; thus imlieating sonu* 
as:soi*iatiou of terri'sfrial in;etueli:iiii and auroral di.splays with sid.ar aetioii. 
Then* is also a longer variation in Ihi* frei|ueney of aurorae; they were 
relativeh rare from l7*.Ci to IS'J,*;, and relativi*ly freipimit nhoiit I7Ht) t)(), 
I,S,“iU and liSi'n. While ihiv.i* xanotis relations, hntli of plaee and time, leavi* 
no tlonhl th.it the annim i;, mi eleetrie diselian*e ehietly in the nppf*r air, and 
ilepemleiit in some way on the nuijnietie emiitit ion:: of the earth and snu, the 
hill iiaturi* ol ifs eiintnds and proeesses ;ire hy im mi*ans understood. 

'rni:SAI»*r.:i AM) W’A'rKU.SIMMITS, 

200. Toniiidocs an* loeal ^^llirIwilld;l id’ great energy, generally ruriui‘d 
within thunder storms. ^I'heir mo!it iiiv;iri:dde feature is a ruiim'l-shapiMl 
eloiid that, haiig.s from (he hot tom cd* the greater tliiimler eloinl mass ahovi*. 
'rile tunnel is erisileil .'iroiitul tin* a\i:.of a vioh'iil aseeiiding vorti‘x of whirling 
winds; it*. diami*ter ma_\ nsieh a few humlred fi'et, lieing mueh greal.i*r ahovo 
than hi'low ; whih* the derU nu't ive wimls anmiid it. eover a somewhat gr<*iiier 
f:paee. 'rhe whirling funnel aiham’es giuierally ea.'d.waril or northeaHtward, 
at a rale of twfiily, thirty or forty miles an hour, with a deafening roaring 
mdse, ilestniyiie' eveiyihiiig that its winds lall on in their rapid liassagi*. 
The. judivity of a .'.ingh' iormulo iiia\ eontiiiue for half an hour or an hour, 
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while it lays waste a path five to twenty or more miles long, and commonly' loss 
than a quarter of a milA wide.^ Waterspouts at sea ai'e of essentially the same 
nature as tornadoes on land; but their association 'vrith thunder storms is less 
marked. 

Although careful observations of passing tornadoes are seldom mode, on 
account of the dread they naturally inspire, there ai'e many accounts of them 
from observers who were at a safe dist^oe on one side of their track ; tuid 
from these we have repeated accounts of the whirling, writhing funnel cloud, 
which constitutes the visible part of the ascending vortex. An old account of 
a "spout” in England in 1687 is as follows : — “The wind thus blowing soon 
created a great vortex, giration and whirl among the douds, the center of 
which ever now and then dropt down in the shape of a thick long block pipe, 
commonly called a spout ; in which I could plainly and most distinctly buliold 
a motion, like that of a screw, continually drawing upwards and screwing' up 
(as it were) whatever it touched.” A tornado in central Massachusetts in 
1760 was thus described: — “At Leicester, several people of credit say that 
about five o’clock the sky looked strangely ; that clouds from the southwest 
and northwest seemed to rush together very swiftly, and immediately njioii 
their meeting, commenced a circular motion ; presently after whicli a terrible 
noise ■was heard. The whirlwind out its path through tlie trees, and after 
having passed over some clear land, it came to the dwelling of one David 
Lynde, the only one which stood in its way; upon this it fell -with the utmost 
fury and in a moment effected its complete destruction.’! The following 
extract describes a tornado that was carefully obsei-ved in northern Alabama 
in 1867. When first seen, the funnel was about five miles away, and judging 
from its angular altitude above the horizon, its height was estimated at 4,C()(> 
feet ; coming nearer, it passed about nine hundred feet south of the observer, 
when the gyratory motion of the doud was distinctly visible. Many small 
objects gathered from the gi-ound were perceived flying around the summit of 
the column like a great flock of birds ; and a pine tree, afterwards found to bo 


The name, tomado, was originally applied some two oentnriea or room ago, to the 
^lent squalls that frequent the western equatorial coast of Africa. It la of Span ish 

altto^ not a Spanish word, and refers to the rapid ahifting of the wind on the onu 
hurst of the thmder sjjuall. In this country, however, the word has been applied for about 
a cent^ to ‘^ smaller whlvlmg stonns with pendant funnels, within larger storms. To 
^ our tornadoes are often caUed oyclonea ^^per reports 
^ Btorms seldom call them by the proper name, and In many faataT./.» n fall to 

descriptions hy w^ the true character of the storm can be recognlid. In this book 
the ^e, cyclone, will be used only for large areas of low preasure, so weU on tlio 

^r^^ wldr broad rir«u, of clouds, rain or snow It greater 
inflowl^ spird winds, seldom of destructive strength on land, and occurring with us even 
mra frequently and with greater strength In winter than In summer; while tornado 

and Its marine synonym, waterspout, will be used as described in this ohapt^ tornado. 
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sixteen inohes in diameter and sixty feet long^ was seen to float out from the 
blank vortex, and sail around to all appearanoes as light as a feather. 

The winds in the tornado vortex attain an incredible violence. Houses ore 
tom to pieces, and their fragments are scattered for hundreds of feet along the 
track of the storm. Trees are torn up by the roots or broken from their 
stumps and stripped of their smaller branches. Men are carried violently 
through the air, falling at last with such force as to inflict fatal injuries or 
cause instant death. It is notewoithy however tliat the number of deaths 
reported in this country from violent winds in recent years is less than the 
number of deaths oausod by lightning. Cattle have been impaled by flying 
boards. Heavy objects, such as ph)WB, logs or chains, are carried many feet. 
Hhingles, clothing and papers have been found a mile or more from where the 
wind caught tliem xip. Oliickons arc strii) 2 )ed of their feathers. Hails are 
drivcm into boards. The variety of effects is endless ; the scene of destruction 
produced by the passage of a tornado tlirough a village is terrible in the 
extreme. The villagt^ of (iriniudl, Towa, was tlius laid waste on June 17, 
18S2. li()eh{^stc*r, Minn,, was devastated on Ang. 21, 1883. Many other 
exjuiiph‘S of toriijulooH, famous for their violence, could be added. 

It is manifest from these accounts that wliiiiing toriuuloes and outrushing 
thunder scpialls sliould not be confounded ; although it is probable that many 
of th(i latU^r have be<»u desesribed under the former name. They ore alike only 
in tlHur HiSsoiuatioiiH with thunder storms, their suddenness and tlioir brief 
duration. Tornudexm greatly (ixcjecd H(puillH in violenno, while squalls groatly 
exceed t(»rmwlo(‘H in t\n\ breadth of country over whieh they are felt as they 
jwlvance.. Wlu^ii both of thest^ Hul)i)rdinato but violent winds occur in a single 
thunder storm, Llu^ squall would lus the fonn'uuner of the tornado; but the 
toriuulo would be felt on only a small 2)^4} of the district over which the squall 
luwl Hwe2»t. 

267. Regions and seasons of occurrence. Tornadoes are more frequent 
in tint Mississippi vallc^y and in (uu’taiu of the southoru states than in other 
parts of tins country. 'rh(\y liavi^ liowever Ixurn reported in all the states east 
of the* gnuit plains, and thc‘y are known in loss fro(iu(mt oceurrenco in Europe 
and other parts of the world. lieing distinctly associated with thunder storms, 
tonuwlocH are found to oc.e.ur in gn‘Jiti\st number in the warmer months; but in 
the southern sUites tli(‘y an^ sonuitinies r(q)oi*t(jd during the warmer S 2 )ells of 
the e-older months. They an^ more frispumt in the wanner afternoon hours 
and v(n*y few anj ree.orded Jis oe.curring in the early morning. 

Like thunder storms, torinuhxm freciuont tlio later part of warm spells ; 
that is, the western part of arcuis of warm southerly, sirocco-like winds, or the 
Hoiitlu*rly or soutliwesttudy quadrant of cyclonic stonns. It is by means of 
this ndatiou of toruodocH to larger atmosplieric disturbances that they may 
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flome day be predicted in a general way, for nearly oil the tornadoes that liavo 
been recorded since the preparation of our daily weather-maps have been found 
to lie south or southeast of a cyclonic center, at a distance varying from two 
to eight hundred miles from it. The prognostics of tornadoes are therefore 
sultry, moist, southerly winds bearing heavy clouds, often portentous in form, 
agitation and coloring. 

The most remarkable example of the relation of tornadoes to cyclonoH yet 
noted was on February 19, 1884, when some forty tornadoes occurred in the 
southern states between morning and midnight. The morning weathor-iuap 
of that day (Fig. 64) showed a trough-like cyclonic storm of considoi'iible 
intensity central in Illinois. Its moist sirocco indraft was drawn from tlu3 
Oulf over the southern states with a temperature of 60® or 80® ; while tlu? 
western states were occupied by west and northwest winds with a temi)oratur<^ 
near freezing, and in the far northwest even 10® or 20® below zero. All of tho 
tornadoes reported on this disastrous day occurred near the wostorn boniidary 
of the area occupied by the sirocco. During the morning, they were repoitcMl 
iu Mississippi and western Alabama. In the afternoon, the cyclonic tuiiiter 
liad moved over southern Michigan ; and at this time the toniadoes were noted 
in eastern Alabama and Georgia. By evening, the cyclonic center had 
advanced to Lake Huron ; tornadoes were then formed only in eastern Giuirgia 
and the Carolinas. Thus for the entire day, the district in which the viohnit 
whirlwinds were generated stood in a definite relation to the center of tho 

larger cyclonic storm anil its 
E. system of inflowing winds. 
The thunder storms of this 
day and the places of its 
heavier rains have not Ixuni 
specially studied ; hut it may 
be -expected that their 
marched eastward in tho Hiiim 3 
manner as the tormulo area. 

Many similar exam plus 
might be given, although none 
have the number of tornatlocs 
reported on the disastrouH day 
described above. In 
March 26, April 7 and l.S 
l)osse8sed warm sirocco winds 
in which numerous tuid de- 
structive local storms were developed in the Mississippi valley. 

Fig. 101 represents the positions of 136 tornadoes, recorded during 1884, 
with respect to the center of the cyclones in whose winds the smaller whirls 
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were formed. The direction of movement was not reported for those indicated 
by dots. It is apparent that nearly all of the toniadoes aro limited to a definite 
space, south-southeast of tlie cyclonic center. 

268. Convectlonal origin of tornadoes. In view of the prevailing ossoeiar 
tion of tornadoes with the great oumulns mass of thunder storms, and of the 
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definitf* relation of t.orna<l()(^H to (iyolones, we cannot In^sitatc^ to refer them to 
Rome HjKH'.ial form of eonvt^etioiuil action, determined not aloiui by iiunuuliatc 
and local HiuiHhinc at the warmer hours of the day, but more largcily by tlio 
impoi*tation of air uuihhch of dilb^rent tcmi])cratureB aiul JiumiditicH from 
diverno regioiiH. Tliundcu* stonuH luivc alr(?iuly Immui ndcrnul for tlu^ most 
])art to the sanu'. opportunity, and it remains to be seem what dilT(U'(mo (3 of 
conditions shall (h^tcn'inine the oc.cnrrcMice of thnndor storms aloim and of 
tlinndi'.r storms with iorniwlo fninn^ls hciKMitli them. The Ixist suggcRtion yet 
olTcnxl for the, d(3Vclopnunit of tornadcHW in thunder Rtornis is hasiKl «)n the 
infern'd oecnirreiKic of (!X('.eptiomilly strong np<lrarts h(*r(3 and th(!re in the 
thnmhn’ eloinls. A. side vi(3W of a distant thunder storm ()rt(Mi iiuliealii^H 
tlm (»xiHt(nie(3 of hxMilly strong updrafts by the rim of e(n*t.ain of tlio thunder 
luMids to a greattu’ Innglit than the rest ; iis a|)i)<uirs in the ae.ctompanying 
Bket(^h, Fig. 1013, drawn on August 20, 1880, looking northward from riiila- 
delj)hia at a griuit tlinn(l(»r e.loud whose' distant l)as(' was lost in the hazy 
lower air. Tluw' uj)drafts an' thought to dejx'.nd in turn on the hxMil occur- 
nme-e of an niulnly warm and moist mass of air, whicih may ('oiiSGqiKJiitly 
asi'cnd to great lu'ights in the utmosph(»r('. This suppoHition is further 
indi(«it('d by tin' ])r('vailing asmMiiatioii of tornjwloes with thunder storms of 
groat activity, in whi<?h the rain is heavier than usual, and from which hail 
not infnupK'utly falls. The jissistamw' derived from the liberation of latent 
lu'at from (‘ondensing vapor is of essential im}>ortaucc in this ju'oeess ; and it 
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must be remembered that the occurrence of condensation at high tompornturofl 
is particularly effective in retarding the cooling of asooiuliug (MirrcntH, aiul 
hence in aiding their ascent ; because the decrease of vapor ciipac.ity is tluni 
so rapid. . 

It should be carefully borne in mind that the convection hero i'Diisidered 
does not depend on on atmospheric instability that is cletiu'iuiiuul siiuply by 
the immediate and local warming of the lower layers of air by Huiishiiu^, ev(*u 
though this process may occasionally produce dust whirlwinds of Hoiuowhat 
destructive strength: nor does the instability depend on tins long rpne^t brood- 
ing of the air day after day under strong sunshine, such us that wliidi givim 
rise to the tropical cyclones in the doldrums. The instability that prochuiOH 
thunder storms and tornadoes is believed to depend on the importation of 
unlike masses of air from different sources into close ucighl>orho()(l and into 
such relative positions that oonvectional overturning is a inuMmsary rt?Hult. 
Some meteorologists have questioned the siifflcience of conveuttion tut a 
for the excessive violence of tornadoes; and have tliorcfori^ a])p(^al(ul to tlu» 
action of electricity or of some even more mysterious agoiny. Hut lums uh iii 
thunderstorms, no definite connection has yet been shown botwoou tlm various 
suggested agencies and the actual processes of the storni winds ; while in all 
cases, the action of convection is in accord both with tho (touditions in which 
local storms occur and with the processes that they exhibit. 


280, The vortex of tornadoes. The development of n whirling motion hsin 
already been shown to be a necessary feature in tlie growth of viohmt <W(d(.ucs • 
a simple rad^ oonveotional inflow ia unable alone to cauH,.. win.lH of v.I 

strength It is the same with tornadoes. Their deBtrii«tiv(. winds ani n„t 

In this wnnection, it is important to distinguish between IxHlily n.U.fi,,,, 
» a« of . ,hed ™ „1 a, »d Torltota ,vlnrii.,„, L 

determined in this country either*by*^^f^°K^^ tornado wlurlmg |„ih 1 „,„u 

distribution of objects ovJtumed o^bl^'^^iut bv t]“ 

been found to be from riirht to IaW- tu f * 'wJiirling winds, it lias 

the cyclonic spirals of this hemisphere. lUs p^siblHh 

direction of turning may denend on tta « Ji PosBiblo tliat in some easos tli« 

on one side than on the other; but as a rule^r »ti‘o»f,'th of inllow 

’ “ a rule, the systematic turning from right 
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to left ia numifeatly dependent on a constant cause, such os the earth’s rotation. 
It cannot, however, be supposed that the area, fi'om which the inflow conies at 
the base of a tornado, is large enough to introduce a determining defleotiye 
effect from the earth’s rotation ; and therefoi’e the prevailing direction of tornado 
whirls should bo regarded as determined by tlio vorticular movement of the 
cyclonic winds around the center of low pressure ; these having been jjrevioualy 
determined by the earth’s rotation. It is a general mechanical principle that 
when a small whirl si)riiigH up in a larger whirl, the two must turn in the 
same direcitioii. It ia for this reason that our cyclones turn in the same 
direction as the whirl of the circimi|K)lar wiiuls. The same principle explains 
the iignioment in the direction of rohition and revolution of the jdanets around 
the sun and of the moon around the earth. Indood, nil these loi’ger and 
niualler turnings, from the greatest to the least, must he regarded as the 
continued inheritiinco from tlio original impulse by which the rotation of all 
the bodies in the solar system, imtludiiig tlie sun, was determined. 

270. FerrePs theory of tornadoes therefore begins with the occurrence of 
an especially ju*.tivo coiivec.tional Jiseeiiding current within a thunder storm; the 
possibility of siudi (iurrmits iMiing indicated by the greater imtivity of asoeut in 
some thunder lioiwls than in others; while the actual oeeurreneo of active 
iiseendiiig currents in tormuloes is indicated ])y the vei*tioal (t<)mi>onont of the 
whirling winds wlii<ih lifts ln'avy objecits high alnjvo the earth. The ascending 
<'.iirrent draws on the lower w}iriu and moist air for its supply ; but as the air 
makes part of a large slowly-whirling (cyclonic storm, the tornado inflow must 
develop a isentral whirling voH.«‘X, whi<li sluill turn in the same direction as the 
l>arciital (\y(iloiie. Ah tins iiillow is drawn in from the margin towards the axis, 
slowly iisecmding at the same tim(>, tlie whirling e.om])oiumt of its velocity is 
greatly inc.n‘aH(ul, and wlnui n(‘ar the ('.enter, it may attain an iri*eHistible 
violeiie<\ At a moderate (listanc.e above tint ground, perhaps a few hundred 
f(^(^t, tli(< elTect of friction is so small that th(( iiiHow lm(!om(5s almost a perfectly 
c.irc.iilar whirl of (extremely high velocity close around the axis, forming a 
central c.orci of low pressure, veny similar to tliat of the eye of a tro])ical 
<yc.lon(^ I?ut tlie lower air is ])r(Wont(ul by fric^tioii with tlio ground from 
attaining H(> gniat a whirling velocuty ; its c(nitrifiigal for(?e is thoroforo less 
than that of tlie stroiigiu' whirl above it; and it is (?()nH(«iueiitly drawn rapidly 
into the ovm’banging core of hjw jircssiin?. It is tli(U'«»fore believed that the 
spiral inrush of the lowcu* air into the low-pressure eore made by the liigher 
whirl eonstitiit(^s the destructive blast of the tornado. 

Tli(i student should guard against forming too rigid a ooneo])tion of this 
thcMin^ticnl ])roe.(^ss. The (wtivity of tlu' ase.cnding eurrent and the violence of 
tlm whirling inflow must vary from tiim^ to time ; the axis of tho tornado need 
not bo vertuial, but may incline somewhat to one side or another ; it need not 
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be a atraiglit line, but may slowly twist and writhe, after the fashion of the 
empty axial core of water eddies, easily observed 5 the low pressure of the core 
must vary with the strength of the lateral inflows, which cannot be of \miform 
value. When allowance is made for the natural irregularities by which the 
ideal process is complicated, it may be fairly claimed that the convectional 
theory of tornadoes gives a reasonable explanation of all the phenomena that 
have been observed in these storms. 

271. Central low presstire of tornadoes. The inferred low pressure of 
the tornado core has never been determined by observation, and probably 
never can be ; but analogy with other whirls renders its occurrence highly 
probable. The circumpolar whirl of the terrestrial winds has been found 
competent to reverse the expected high pressure of the cold polar regions into 
low pressure ; and the stronger whirl around the south pole causes a lower 
pressure than that which is produced by the slower whirl around the north 
pole 5 indeed, if it were not for the resistances caused by the intermixture 
of upper and lower currents in cyclones and anticyclones, the polar pressures 
might be much lower than they now are. Again, the central low pressure of 
tropical cyclones, initiated by high temperature, is greatly intensified by the 
development of centrifugal force iu its whirling winds. It is therefore 
reasonable to believe that the excessively rapid whirl of the winds in the 
tornado vortex close around the axis must develop a vastly greater centrifugal 
force than occurs even in tropical cyclones ; and the occurrence of low pressure 
within such a vortex cannot be doubted. Various facts confirm this expec- 
tation. A number of examples have been reported in which the walls of 
buildings have been blown oiitward, as if by the explosive expansion of the 
inside air, when the low pressure of the tornado core passed overhead. It is 
possible that other explanations may be offered for this peculiar fact ; but none 
appear so reasonable as this one. For example, a critical observer, describing 
the destruction of a factory in a tornado at Arlington (then West Cambridge), 
Mass., in 1852, stated : — “ The whole effect produced, and to my own mind 
well and clearly defined, was precisely what we should have if we could 
suddenly place in a vacuum a building filled with atmospheric air of ordinary 
tension. Even the foundation walls were inclined outwards, and there was 

every evidence of a force acting 
from the interior to the exterior,” 
In some tornadoes, it is reported 
that corks have been drawn from 
empty bottles, as if by the ex- 
Fio. lOS. pansion of the air from within. 

The atmospheric pressure ob- 
served along an east and west line, south of the center of an ordinary cyclonic 
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storm, may be indicated by a concave curve, os ABC^ Tig. 103. If a thunder 
storm occurs about the time of lowest pressure — that is, near the western 
border of the southerly winds — it causes a slight rise of the barometer, not 
from increased weight, but from the downward reaction of the rapidly 
expanding and ascending mass of air tiloft ; this is represented by tlie luodiliod 
curve, ABEFO, Now if a tornado occurs in such a thunder storm, its whirling 
vortex causes an extremely low pressure within a slender oylindricol core ; and 
the previous curve would become ADEOIIJFC. The changes of pressure 
described for the cyclonic storm and for the thunder storm ore matters of 
ordinary observation ; those drawn for tlie tornado are matters of reasonable 
inference. 

272. The tornado funnel cloud. Accounts of tornadoes and water spouts 
frequently mention the descent of their funnels from the heavy overhanging 
clouds, as if there were acttually some descending motion ; but there is good 
reason for believing that the desoeiit is only a deceptive apiiearanoe. While it 
is generally true that the movement of clouds indicates the movement of the 
air in which tlu»y aro formed, this is not always the case. The base of an 
ordinary cumulus cloud is fixed at a certain height, although the air is 
constantly rising through it. Stationary clouds stretching out from mountain 
peaks, or Htaiiding in fixed waves, while the winds in which the clouds are 
formed an^ moving onward, ('.onvince us that the outline of a cloud nuiredy 
marks the limit of a spiui(i within which the vapor of tlio air is coiidensod into 
visible cloud partic-les. Tlui lowcn* front (ulgii of thunder storm clouds may 
oftiui he stum growing to windward ; the eastward iwlvanoe of the spjWie within 
whicdi th(*. jLScwmdiiig air is cooled by expansion being more rapid than the 
westward iisccmt of the inllowing wind. The tornado funiud cloud is oven 
a more striking (example of this contnulietioii Is^twi^en apparent and real 
motion. The funiKd seems to (U^sceiid, because, iis Kranklin clearly said in 
1753, the moisture is condensed “ fasbu’ in a right lino downward than tlio 
vapors [('.loud j)arti(d(is] themH(dv(<H can <diml) in a spiral liiui uj)wards.'* 

This may h(\ ox])laimwl by Kig. 10-1. Supi)ose tlu^ obscirvor is looking 
north towards the funnel EF. (Jonsider now tlu? condition of tho air at /i, at 
a moderates Inught abov<^ a point, 71, which lies sc^veral hundred feet southwest 
of tho vort<».x. Th(^ tcMujs'raturc^ and Iniinitlity of tho air at A is such that 
if it ascends verti(*.ally, it would IsHunno cloudy at tho lieiglit, II ^ in tho base of 
th(i gn‘at ov(U’hanging thumhir cloud. Instc^ul of rising vertically, the air 
from .1 mov(‘s along an inllowing and gradually ascemding spiral path, ADC, 
towards the lowiu* pr<?SHuni of tlui tonuido (!orc. On reaching the point C, 
it is («)oh*(l both by expansion dm^ to ascent, AO, and by oxpausiou into the 
low prossui’c^ <*<)rc ; and if at C the cooling dm? to expansion into the low 
pressure of tin? vortox equals tho cooling which would bo produced by ascend- 
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ULg througli the additional height, CPS, the ioflowing whirling air will 
become cloudy. 

The combiuatioii of these two causes of cooling gires full explanation, of 
the form of the funnel doud. It first appears as a Somewhat depressed 
portion of the overhanging doud mass ; and from this it is infeiTed that tlu! 
whkl of the tornado begins high above the surface of the earth and extends its 
action downward, as might have been expected from the probable form of the 
vertical temperature gradient of strong thunder storms, as given in Ifig, 
where the flatter part of the line, locates the place of greatest instability 
at a considerable height above the ground. ‘As the ascent and inflow of 
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lo.rr® “ Btrengtieued, aud tlio 

8^^, the fennel seemB to reach down to the ground, and in the hingiuun, 
of or^ deaenptione «it destroys CTerything that it strikes ” This shoidd 
be interpreted to mean that if the violence of the vortex is sufficient to Zho 
doudy condens^ou dose down to the ground, it must also be strong enough 
to destroy ever^g m its path. The lower part of the fuiniel is oE loss 
^meterth^ above ; because a doser approach must be there mudo to the 
^Uow core before cloudiness begins. Sometimes the lowest part of tlio fuimel 
SrJTT ^ gathering of dusty rubbish from the ground. 

^0^ Sr X, ‘"'r? 

d»ta»tiT. whiL Ob..™, 0, tt, SnZ 
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report 5 ajid lienoe it must be supposed that this process is a continuous one. 
In such. oaaeSj it is not the rashlng together of the clouds that causes the 
destruotiye wind, but the rushing in and wliirling around of the wind that 
continually creates the clouds and carries them inwards towards the vortex. 

After lasting half an hour or an hour, and leaving a path of greater or less 
destruction across the country, the tornado weakens, as if the supply of 
exceptionally Wtonn and moist air on wliioli its life depends were tlien 
exhausted, or as if the upward path of escape were deformed and confused- 
The funnel gradually withdraws from the gi'ound, disappearing in the clouds 
above, and the storm is over. But when one tornado is formed, others often 
appear in the sjune neighborhood, and thus a succession of whirls may traverse 
the country, as in the example of Februoiy 19, 1884 5 ^though the number 
of tornadoes then re])orted is altogether exceptional. 

273. The progression of tornadoes. Tornadoes in this country generally 
move easterly or nortlictiaterly, somotiiues Houtlieosterly ; seldom in other 
directions. Tlieir velocity of progression commonly vaiies from twenty to 
forty miles an liour. As tluj voitex is small and its progression rapid, less 
tluin a minute siiilicH^s to carry it ]«iflt any given i)oint. The duration of 
tonnulous raiigcH from lialf an hour to an hour or more; hence their length of 
path may reiudi thirty to lifty or more miles. Examples in which a much 
greater length of ])ath is rei)orted prolnibly (umsist in reality of two or more 
whirls, forming Huc*<H^H 8 ivoly almost in the same line. Although occurring 
within the ari^a of soutli(u’ly surhico winds, tlio advance of tornadoes is 
more iwioordiint with the direcitioii of tlie Jiiglier currents ; hence it may be 
inferred that thcj of (^(Kipo of the ascending currents is bom along within 
the groat niiiibuH (douds by tlu^ wu 8 t(irly ovorHowing winds. 

InstaiKMW wen^ mentioned in Stujtiou 257 of hml thunder storms that stood 
distinctly within the aiu^a of southerly winds and that were followed os well os 
]>r(ico(l(«l by high tempcu'atunis. It is not yet clear from reported records 
whotlior this is gtmerally or «Mioasionally tlie case with tornadoes also. It is 
frequently stated that the warm, sultry wcuitlicr which preceded a tornado was 
followed by <iool«r weather; but it is not yet made oortoin that tornadoes 
always occur closer along tlni Isdt of separation between the southerly and 
westerly winds. Bpcc.ial observation might well be directed to this question. 

274. Protection from tornadoes. The approach of tornadoes is so rapid 
and tluur arrival follows so soon after their first appearance that there is 
very seldom timo for those who hajipim to bo on their path to escape their 
fiiiy. If a tornado is seen approaching obliquely, so that the continuation of 
its path will (*.arry it to 0110 sic It*, of tlio observer, but not far distant, he should 
lose no time in riinuing away from it ; and if a distance of five hundred feet 
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is gained before* its arrival, serious danger is pretty surely avoided. If the 
tornado seems to be coming directly towards the observer, it is safer to run to 
the northern side of its path j for on that side its whirling winds, blowing 
to the west, are weakened by the progressive velocity of the wliirl which 
carries it to the east. For this reason, the path of the vortex does not lie along 
the middle of the path of destructive action, but somewhat north of tho middle. 

In case of the sudden approach of a tornado unseen, as at night, when its 
coming is only known by the roaring of its winds, tho southwest coimcr of a 
house cellar is reg^arded as the safest place of refuge. Sometimes speoial 
underground cellars are prepared beforehand for case of need ; and those are 
provided with a bar, an axe and a saw by the more cautious, in order to assure 
means of escape in case the house is demolished overhead. 

Although individual tornadoes are excessively destructive to everything 
that lies in their path, yet their limits of action are so narrow and our country 
is so wide that the danger from tornadoes at any one place is much less than 
has been supposed. The annual loss to the country by fire and flood greatly 
exceeds that caused by tornadoes. 

276. Observation of tornadoes. The rapid passage of a roaring tornado 
is not a time when deliberate observation of its action can be expectecL Yet 
iE a person happens to stand a few hundred yards on one side of its path, a 
dose scrutiny of the funnel and the clouds overhead might bo safely mode. 
If such a person had in mind the interpretation of tornado action os here 
presented essentially in accordance with PerrePs theory, his attention might 
be critically directed to such features 6f the storm as need examination in 
repeated occurrence. He should examine the funnel to determinii the oharack^r 
of its rotation ; he should look dosely to discover the movements ol‘ cloud 
wisps or of trees and other objects in the funnel ; he should examine tho rtdji- 
tion of movements in the funnel to those in the greater overhanging clouds j 
the behavior of the two douds, whose rushing together is so oftmi memtionod ; 
the occurrence of descending douds sometimes noted at some diskincn to one 
side of the vortex. In a larger way, the relation of the tornado to the fall of 
rain or hail from the thunder cloud should be examined, for heavy precipitation 
commonly occurs at a moderate distance from the tornado, rather than imme- 
diatdy around its vortex j the distribution of temperatures and the relation of 
electric action to the funnel also need attention, as different accounts vary 
greatly in these matters. 

After the passage of the tornado, the peculiar effects of its dostnictive 
winds should be recorded : a map should be prepared to show the idaco of 
buildings destroyed and of trees overturned, and the path of objects carried 
by the winds. That tornadoes are destructive is only too well known, but the 
particular method of their action as indicated in their effects should be care- 
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fully determined. As a rule, the evidence of vortionlar action in the attitudes 
of overturned trees and in the distribution of fragments of buildings is not so 
clear as might be expected from the visible whirling of the winds in the funnel 
cloud. Greater or less confusion results in the fii’st place from the increased 
strength, of the indraft on the southerly side of the whirl, as already explained ; 
and in. the second place because the destruction of objects is not accomplished 
all at once, but irreg:ularly and successively, according to their resistance and 
to the stonn^s strength. For example, on the northern or left side of the 
track, trees ai’e soniotiiues blown down almost in a forward direction, as if 
by tlie rear inflow ; and therefore the backward whirl of the winds on this 
side is more or less confused with forward action. Yet sometimes a field of 
grain may record a i^ai’tial circmit of the winds, as if they Imd suddenly fallen 
on it, and prostrated all the stalks at once in a sweeping curve, with a radius 
of several hundred feet. The intlications of whirling motion found in 
prostrated trees is generally as follows; trees blown down backward are 
found only on tlie iioitherii side of the tuick of the vortex ; they are often 
crossed over by other trees falling to the southeast or east, as if by the later 
winds in the rear of the whirl. On the south of the vortex, many trees are 
laid nearly x)arallel with the track; but those first blown down turn more to 
the north, and those last overthrown timi more to the south. Sometimes the 
distribution of identifiable friigments from buildings gives indioation of a 
curved course tli rough the air: at the Lawrence, Msiss., tornado of July, 1890, 
the southern windows of a hoiiso south oE the track were broken by rubbish 
oarrii^d from other houses several hundred feet to tlie northwest. Such facts 
as these should be written down ou the ground, in order that no mistakes of 
memory may occur. 

276. Waterspouts. Tlio behavior of waterspouts at sea is so closely like 
that of the sjioiits (jaiisod by tornadoes when they cross rivers or ponds that 
there can \)i\ no doubt of the essentiiil similarity of those vorticulor storms on 
laud and scin. Wat<irH pouts po8H(?HH ii tiipcriiig luimel cloud, first seen as a 
.Hiiiall p(nulant from the undm’ surface of the overluiuging clouds ; then appar- 
ently ([(‘seeiiding to S(*a hwel, whore the grcuitly agifeitod waters rise to meet 
it Although th(‘H(^ sisnits scumi to draw wati?r u]) from the sea, they consist 
of fresh water for tluj gn^ater part ; and hence must be regarded os the product 
of vapor ooiuhuiHcd from tlu! air. There is an old account of a vessel on 
wliudi a watm'spout ftdl. A Hood of water ])oured on the master, so that he 
was obliged to lay liold of what wjis nearest to him to escape being wflished 
overboard. He was asked iiffau’wards if he luul tasted the water. “Taste it,’^ 
said he, “ I could not help tasting it ; it ran into my mouth, nose, eyes and 
ears I” “ Was it, then, fresh or salt?” “As fresh,” said the captain, “as 
ever I tasted sjjring water in my life.” 
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Waterspouts seem to be most common in the warmer and calmer seas ; but 
they are also recorded in middle or higber temperate latitudes and in the 
presence of moderate winds ; and a good number of e^camples have boon 
recorded on the Gulf Stream in winter, in the presence of cold westerly wiiidB 
blowing off the colder land. In some of these oases, the instability on wliioli 
the spouts depend may arise from local causes ; but in others, and particnlarly 
in the last mentioned, the instability appears to depend on the impoi’taticiii of 
air with a temperature much lower than that of the water over whiidi it 
advances, much as was the case with tornadoes on land. 

A few records have been made of the appearance of descending currents 
within the core of a waterspout ; from which it must be concluded that the 
interior and erterior parts of the spout have opposite motions. It has \nm\ 
suggested that these descending central currents are streams of rain, falling 
from above into the nearly empty core within the whirling spout ; and that 
such currents are more liiely to chara.oterize waterspouts, where the l<>W(sr 
inflow close to the sea surface is little retarded by friction, and honco cannot 
enter the core easily; while in tornadoes on land, descending currents would 
seem to be less likely to occur, because their place is taken by inflow and 
ascent of the surface currents, whose centidfugal force is not sufttcioiit to liold 
them out of the low pressure close to the axis. The reported descoiidiiig 
currents in waterspouts may therefore be compared with the inferred dciSf.ond- 
ing currents in the eye of tropical cyclones at sea ; while the prosonoo of only 
ascending currents in tornadoes may be compared with the inferred asooiidiiig 
currents about the usually cloudy center of cyclonic storms in our latitiid(»H 
and on land. Closer observation, with suggestions of this kind in mind, may 
some day determine these minor points. 
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CHAPTER XII. 

THE CAUSES AND DISTRIBUTION Off RAINFALL. 

277. Causes of rainfall. When vapor is condensed in sufficient quantity, 
it falls from the clouds and reaches the earth os rain or snow. All forms of 
atmospheric precipitation are included under the general' term, rainfall. 

The oecnirrence of rain or of its winter equivalent, snow, is in nearly all 
cases associated with overgrown clouds ; and in the temperate zone at least, 
these aro usually products of cytdonic or of local storms. It occasionally happens 
that rain or snow falls from tho cloar sky ; but this is highly exceptional, and 
its amount is sniall. The prooesses which produce clouds may always, if 
carried far (uiough, bring forth rainfall. Mention has already been made 
of this ill the case of the great overgrown cumulus clouds of wann summer 
weather. The small c.louds of morning are succeeded by greater ones towards 
noon, ami these by even more inasHive clouds two or three hours later. Such 
(doud inassoH may be many miles long and wide, and at least four or six miles 
high, drifting along in tin*, high-lcwel currents of the atmosphere and yielding 
heavy rain to tlici eartli below. Cyclonic cloud masses are many times larger. 

Tim cause! of rainfall is not far to seek. Every cloud particle serves 
as a (uniUu* for additional coiKUmsation in tho cooling saturated air. Tlie 
partiedes must be of slightly umupial size!; the larger ones aro not so easily 
borne, up in Uu! air as tli(! snuilhu' ones arif; (tedlisioiiH must occur, and when 
two drops e?oal(*Hce, tiio re^sulting larger drop tends to fall more rapidly than 
oith(!r droj) fcdl iM'fon*. In the vertical or obliquely ascending currents, in 
which clouds and rain an? so (!omiuoiily formed, the drops may grow to a size 
large ('nougli to c.aiiw! tlumi to fall through the rising siir. As the temperature 
of the (Imps is ili(‘n lower than that of tlu! damp air through which they fall, 
(!ontinn()UH (mmlensation is ])rovok(!d on tlicir cool surfaces. CollisionB will be 
inor(! fre(|uent than b(!lbrc», and tli(! (lro])S will grow more and more rapidly as 
they fall to tlu! base! of the cloud, where their largc*Ht size is reached : ^ to 
of an ineh in line rain ; of an imdi or mon! in tho heavy pattering rains 
(»r siuumer. Oil falling below the cloud into non-saturated air, the size of the 
drops (lee.iHNises by t!vaporaiioii. In dry regions orseilsoiis, it is not uncommon 
to see a trail of rain falling from the base of a lofty rain cloud, and entirely 
clisappearing Ix^foro reju'.hing the earth. Such rain clouds may be seen rising 
over tin*, ridges of our Uoidty Mountains, bringing dark streams of rain along 
bc!ii(!atli tlumi; and yet only a few large drops reach the thirsty ground ; but 
wIkmi the low(‘r air is dainj), jus under wint(‘r cloud sheets, the rain that 
fulls from the cloud for the most reaches the earth. Sometimes the 
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rain drops of winter storms are frozen into clear ice pellets, when fiilliiif; from 
a warm upper current into cold surface air; this should be oollod frozen niiii, 
and not hail, which is of quite different form and associations, as is ()X[)laiiuMl 
below. 


278. Snow. In case the process of condensation occurs at tcjiiiiM^raturos 
below 32®, the vapor then crystallizes as it condenses and forms snow llaktis or 
ice needles of varied forms, but always presenting angles of 00® mid 120®, 
characteristic of crystallized water. In quiet snow falls, tho crystals iiro 
remarkably perfect and by far the greater number of them iwo of one form. 
As each crystal is developed in this case from a single center, tlnnr growtli 
must be explained by continuous condensation on some initial uiiclcus, and 
not by collision, such as presumably occurs in the formation of faster falling 
ram drops, or in the matted flak es of windy snow storms. lu milder winter 
weather, when snow falls into a warmer surface layer of air, it partly melts and 
re^hes the ground as sleet. A more complete melting would delivcu* it as 
rain; and it is probable that most of our winter rain has had tho form of snow 
while it was still in the higher clouds. Indeed, a part of our suiuinor rains 
also may be formed as snow in the upper parts of the thunder storm (doudH ; 
and if caught on high mountains, the snowy form is preserved. When pnMiipi- 
tation occurs in the polar regions at temperatures lower than — fi® or — 10”, 
small ice needles and not snow flakes are formed. 


279. Hail consists of compacted ice and snow, often arranged in roughly 
poncentno layers, taking the form of little pellets or bolls, commonly c*.alhMl 
l^il-stones It does not fall in winter, but is a common aooompaniiiicmt of 
thunder sto^, even though they occur chiefly in the wanner uiul 

e^ona of the globe. OooasionaJly hail-atonee show a oryetolliuo Htructure. 
They ore sometiines of remarkable aize, up to several inches in (limmjfaw ; and 
shorini^-^ cause smous destruction to trees, crops and buildingH. Hail 
tiW i07 pellets of frozen rain, which Hom.- 

peTts^J T” “ 5 

g, a .,r 

The association of hail with active oonveotional storms in the warm soasnii 
ItTw^l ^ “ P™duced by the freezing of rain drops that liavo been foriuod 

to altitudes where the temperature is vei*v low tlmru tiiA'ir u 
t “ ®lze until they fall through tlmlcsM 
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more through its center; until at last they become too heavy for further 
carriage and fall to the ground, l^efore their full, a curious rattling may 
sometinies be heard in the air, as if caused by their noisy (•.ollisions. As a 
general rule, hail is larger and more plentiful in violent than in moderate 
thunder storms. 

Although associated vrith electrical storms, tliero is no sufticient reason 
for regarding electricity as the chief agent in the production of hail. It is true 
that hail-stones may still ho so distinc.tly el ec.t rifled on reaoliing the ground 
that they may leap again a few iiudies into the air ; not only by elaatio rebound, 
hut as if by electric n^jmlsioii. Yi't as with the other products of thunder 
storms, the electric, condition of hail-stones seems to bo essentially a result of 
the xn-ocesses of tlicur rorinatiou, and not primarily a cause of their formation. 
The Hupxiositioii tJiat tlu*y rise and fall by electri<j attracjtion and rox)ulsion 
between tlu^ two cloud laytu’S of wliitdi thumler storiiis have been said to consist 
does not find Hupi)()rt in tlio preH(uit knowledge of the Htriict\iro of thunder 
storms, or in the ostiniatcm of tint force that electrical attraction and re]}ulBion 
could attain in the atiimsplu^rc. 

Like the rain of tlmndm* storms, their hail fall is distributed in belts, 
whoso brctulth depends on tlu^ Him of the storm, and whose length dcx>end8 
on its duration and voloc.ity of progression. . In the larger linear thunder 
storms, hail seems to fall only from certain ])arts where the storm is of 
great violcnc.c. 

280. Conditions of rainfall. There c.an be no question that ascensioual 
movomonts in the atmosphere of whatever canH(^ arc^ the moat efPectivo in<nuis 
of coudeiising vapor so ])hniti fully and ra])i(lly as to ])roduc.n rain : honco the 
greater rainfall of mgions frtupKUitiid by oyc.loiiici storms or thuinhu storms, 
whore tlu^ air is given a vei*tical (‘.om])onont in its niovtuuoiit ; Innieo also 
the great<M* rainfall of mountains, esxMH'.ially on tlnnr windward s1oj)ch, where 
the air is rnr(?e<l to aH<'end in (crossing them. There are, howewer, two other 
p^o(•,es8(^s (»f c.ooling alnwufy mentioned in c-onnecitiou with the development of 
(*.y(donic. and otlun* c.louds, that should Im) referretd to here again. The first of 
thes(^ is the niovcMucmt of masses of air poleward so that their attitude with 
n^spect to sunshine is ehaiigiMl, and riuliation c.oming to he in excess causes 
tlmir t(uiip(n’atur(i to fall. Tln^sci currents may hec.omo oloudy in so great a 
msiHH JiH to yi<'.ld rain : Iuuic.(». our southerly cyclonic winds or moist siroccos 
ari^ not only gjun^rally cloudy hut fro(]U(Uitly rainy as W(dl. In this country, 
it is as a rule only cyclonic, winds that inovci iioloward dii’cotly and rapidly 
enough to produce Hju'edy (umdensahion iu this way. 

A Hec.oiid proc,ess deserving nunitiou is that which ax)poars when a current 
of moist air from ovc^r the nv,mn advances upon a cold winter land. Its mass 
may then become cooled not Him])ly by couductiou, which extends but a little 
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way above the earth, but by radiation from the air, especially from tho cJoxuly 
air, to the ground. Landward winds may thus become cloudy in large volunin, 
even to the point of yielding rain; but when rain appears, tho wiikIh are 
generally in this caae also found to be within the influoiico of a oycdouic^ 
storm, in which, as has just been stated, some vertical motion aids tlio other 
causes of cooling. 'Rii.iTifa.n as a result of the mixture of two maRHCs of 
saturated air at different temperatures does not seem to bo common. 

The exceptional occurrence of rain falling from a clear sky is colled avrehu 
It is rarely noted and is not well understood. 

281. Cooling caused by rainfall. Distinction must be carefully niiulo 
between the adiabatic increase of temperature by comprossion in descunidiiig 
currents of air, and the maintenance of a nearly constant tomperaturu in 
falling rain drops or snow flakes, which cannot be compressed. Whilt^ tho 
descent of a current of air from the height of a thunder storm sunuiiifc would 
give it a high temperature at sea level, the descent of rain drops hiiow 
flakes from similar heights causes a distinct cooling of the woiiner lowcu* air 
through which they fall. A considerable port of the lowering of temptM'iitiirt^ 
that is’ commonly noted during a summer rainfall must be ascribed to thin 
process. 


282. Variation of rainfall with altitude. Clouds attain their 
frequency at a moderate height above tlie earth, averaging perhaps a lull f iiiilo 
or a mile, because the dew-point to which the air is cooled by the vjirious 
processes of cloud-making is most commonly encountered at this ultitnch^; 
their greatest density is found at about; the same height because coudoiiHatiou 
at greater altitudes and hence at lower temperatures is attended hy less 
pl^tifol exclusion of vapor. For the same reason, the greatest lueasurt* <ir 
rainfaU in a given region is not at sea level or at the level of the 
surf^e, but at a certain moderate altitude in the atmosphere, vaiyin^r witli 
^e region and the season. At lower levels, some of tlie iirecipitiitioii falls 
ftom the clouds into non-saturated air and is redissolved ; at greater altit;uclcH 

^ maximum ia found at al.out 

3000 or 4000 feet m winter; but in summer, when tlie air is roliitivcdy drier 
tte ma^um appears to be at a greater height tboa the records rooed u I u 
ranges of the Himalaya, the level of maximum summer x-ainlall 
18 at 4000 feet; it is near this height that Cherrapuuji lies on the K liiisia 
hUls, Where the heaviest rainfall of the world is found (Sect. 301): in winter 
ae ^imnm rmnfall is at about 20,000 feet. In this country, ,m inornase 
oertam height undoubtedly prevaUs, espTcially i„ the 

r iT « generally so dry; but records arc i.ot 

yet made to determme it. The rainfall maps of our western area, based 
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on obaeryations mode for the most part on the plains and lowlands, probably 
do not represent the fnll value of the precipitation of that mountainoua 
region. The lofty upland surface of the Aquarius plateau in southern 
Utah is well watered and bears an extended forest, while the lower plateau 
country about it is a desert; but no sufficient indication of this contrast can 
at present be given on the oliarts, on account of the absence of high-level 
records. 

Ill Europe, where records of rainfall have been more generally maintained 
on higlilancls and lowlands, the raiufidl charts correspond to a remarkable- 
degree with the relief of the country. The highlands of the northern Atlantic 
coast are shaded dark for a heavy rainfall ; tlie Pyrenees possess a plentiful 
rainfall between the dry lowlands of southern France and the semi-ojrid plateau 
of northern Spain. The Alps form a center of strong precipitation. The 
small rainfalls of the basins of Jhdiemia and Hungary are surrounded 
heavier rainfalls on the enclosing moiiiitaiiia of Germany and Austria. The 
mountjiins (jf the Cauciisus have a heavy rainfall between tlie dry steppes of 
southern Kusaia and tlui arid jdatcaus of Asia Minor. The more acourate the 
charts, the clostsr this redation appears to be. 

The rainfall on iinuintaiii ranges is greater on tlieir windwaid slopes. 
Little (lilferoiKio in this reKp(u*.t is powteptible on ranges so low as our Appar 
lachiaiiH, and cm wliicdi the rainy winds blow from difFereut sides. The Sierra 
Ncvachi Juis moro rainfall cm its long western slope than on its in’ecipitous 
castcnii dc^scu'iit. TIhj TyrtMieos are watered chiefly on tlieir noithem side;, 
the lliinalaya on tluur southern. The cupiatorial Andes have heavy rains on 
th(*ir eastern slojuis ; tlu^ Gliilciui Andos receive rain chiefly on the western 
slo])c^. 

283. Measurement of rainfall. It is dosired to measure the depth of the 
shecit of water that wcnild lie on lovcl ground after a rain if none of the water 
were lost by eva])orati<m or by soaking into the soil. This is done by exposing 
a c'vlindric.fil vessed or rain gauges to tbc storm and measuring the depth of rain 
or snenv that it rcMudves. A good gauges should have a tnily circular rim^ 
a (liaiiic*tcr of at Icaist fivci or six iii(fli(»,H bcuiig recommended. The edge 
should l)c^ sharp, with a vertical fac'.o on tlui inside. The gauge should be 
placed in a level and open ficdd, removed if possible from all trees and build- 
ings by at lejist twim their height; it should be fastened in position, to avoid 
overturning by the wind. The rim should stand a foot above tlie ground; it 
should b(‘. carefully levelled. Once phuu*d iu a well-selected situation, subse- 
<pi(»iit e.liangc^ should b(^ <*.ari*fully avoidcul ; but if required, a full account of 
the cluinge slioubl Ixi eiitercMl iu tli(< nxiord lM>ok. In order to avoid loss by 
ovaporatic)!!, a movabl(‘, funmn is generally jdaoed within the gauge, thna 
protecting the water that lies beneath it from loss to the air. 
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The meaauiemeat Of the amount Of rain collected i8 boat done by iMmrii.K 

the water from the gauge into a measuring tube of a certnm 
80 that its area shall be one tenth of that of the gauge. Hw watci tin u riHis 
in the tube to ten times the true depth of the rainfall. T na uuigm » < « op i 
is then measured by a graduated stick, the record being imulo to a hiiii(ltv«U.li 
of an inch. Eeeord should be made, if possible, at the oIoho of *’^**.1 *’*■*"•" 
and always once a day; although some observers measxiro tlio rainlall only at 
a certain hour every day, without regard to the time when tlio vain fall wawd. 
The amoimt measured should fdways be entered in the record book ludon* ilic 
measuring tube is emptied. 

The easy drifting of light snow makes its measui'emoiit a inutt(‘r of uiufli 
unoertamty. It can seldom be ooiTeotly determined by tho amount that is 
caught in gauges, unless the wind has been very light. It is roonininondo<l 
that observers measure the amount of snow lying on the gvouiid in oiK*n woods, 
where drifting is slight. The measure may be made with a stick while the 
snow is on the ground; or a seotion of snow may bo cut by the* rim (»l tlie 
gange, and the amount of snow thus secured may be melted and iiuMisuriMl ns 
rain. Melting is best done by adding a measured omotint oC warm waU»v. 
Light snow is generally eight or ten times as deep as the (u»rn»spoiiiliiig 


amount of rain. 

Records of rain and snow from gauges on buildings in e.iti(‘H an\ jls ii nih*, 
defective, because of the eddies of wind by which too miieli or too litt.le rnin 
is carried into the gauge. Such measures may serve to indic.!it<' generally 
whether the fall is light or heavy, as is required iu weatlior rc^ports ; l>ut t lii'V 
should not be accepted for the dimatio tables of a district. Hclf-regisl.ering 
ran gauges have been devised, by which the fall is recorded <»vc»ry live 
minntes, but these are seldom employed. No satisfactory imMiiis liavo luum 
devised to measure the rainfall at sea: only the timo of ocuairrcuicM*, the 
relative frequency and the estimated amount of r ainf all are ropoitod in marine 
observations. 


284. Records of rainfall. The data desired in this connection arc» : the 
amount of precipitation in every separate fall, but when brief showors follow 
one another, the whole fall may be measured at once ; tho time of b(‘ginniiig 
and ending; and if possible, the direction of the wind at theses tiiiicH. 'I'he 
rainfall of every day should be determined late in the ovoning during a 
long storm. When the last day of a month is rainy, the meaflunmicnt Hlnmld 
be delayed till as near midnight as possible, in order to give n corroc-t monthly 
The records of r ainfall are generally summarized as follows : ToUil 
rainfall for each month; snow on the ground on the 15th and at end of month ; 
share of mon^y fall in the form of snow; dates of first and last snowfall; 
number of rainy days ; that is, of days on which more than one hundredth of 
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an inch of rain or snow fell ; maximum daily fall of the year. After the 
records have been carried on over a period of years, the normal or mean 
monthly and annual rainfalla should be determined. In our country, at 
least ten years record is needed before tlie mean annual total con be 
determined with acceptable accuracy; and a thirty years record is needed 
for the monthly means, as the iiiuitiuitioii in tludr values is often great. The 
maximum fall for a givmi luoiitli may bo many Cold greater thou the minimum. 
The idua or minus dopai*turo of the Call of each mouth from its normal should 
bo stated. Tlio average nuiulxu* of days in each month on which a hundredth 
or a tenth of an inch falls, or tlu^ probability of rainy days, constitutes an 
important (dimatic fiictor. It is (h^sirablo to detenuine the average number of 
rainy s])iillH for each month and the average fall in each spell. The share 
of rainfall Hui)pliod by winds or storms of different character should receive 
attention; and tlu^ summary for the year should subdivide the total as far 
os possible iieeording to origin. 

No regions whon^ (continuous rociords have l)oen maintained are found to be 
absolutely roinliiss. Soutlmjistinn Oalifoniia and western Arizona have certain 
stations where the mean anmuil rainfall is under two inohes, and where in 
single years less than an iiudi hfUi been gauged. Other deseii: regions, such aa 
central Arabia or the interior of tiue Sahara may have even less, but records 
liavo not l)(M»n kt?pt thmuc to make this (uertain. Tim greatest annual rainfall is 
found ill India mid tlui East Indies, wlmv(c many stations record over a hundred 
iiudu'H a year. The most rcmiarkablc of tlucsu is Olierrapiinji, at an elevation 
of 4, •1-5/) feet on tlie soutlucrn slope of a subordinate range of the Himalaya 
mountains, north of the lunid of Hue Hay of .Heiigal, with an average annual 
rainfall of ‘17-1 inelucs, of wliic.h oven* 400 fall in tlio live montlis from May 
to iSeptinnber, or during the suininer monsoon. A fall of 40.8 has been 
meosurtul at this station in a single day (Juno 14, 1870), and over COO inches 
or Hfty feet have Ixuni (colbuitod in ocniiain years. The average fall for tlie five 
rainy months i.s almost tlince inelies a day. Here truly “it never rains but it 
j)()urs.” The rainfall of Mahabhmhwar on the bold westeni slope of southern 
India at an altitiuhc of *l,/)4() bud is hardly loss remarkable, reaching an average 
of 201 iiKtlu^H, of whic.h 251 fall from .June to »Sej)tember inclusive. It is 
noteworthy that at a little^ distaiuui (cast of this station on the relatively even 
plat(cau of the Jhcec.au, the rainfall is nuliKuul to less than 20 indies a year. 

The greatcest mean annual rainfall of this country is 101.87 at Neah Bay, 
Wash, (or iiududing Alaska, 111.72 at Sitka), and the greatest single annual 
fall is 122.25 at N(ul1i Bay in 18S0 (or 140.20 at Sitka in 1880). The follow- 
ing items liav(c a stjitistieal intcuucst in this (uniiieotioii Excessive monthly 
rainfalls : at U])per Mattole, California, January, 1888, 41.63; at Alexandria, 


1 Reo (inudey’s Avierican WcaJOhor^ iu which many facts of this kind are collected. 
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LouiHiana, June, 1886, 36.9. Excessive daily fails moimting to ten nr invol^ 
inches have been recorded at several stations. owupourH . a. ^ 

ton, D. C., Jnne 27, 1881, 2.34 in 37 minntes ; at PhlLulell.lm^ July 1S8, , 
oS in seven minntes. Much heavier fails have unduul.to.lly .....uiit.. I in 
eioud bursts, such as happen in the western states and torv,t..vi.*H, but uu 
precise measure of their amount is at hand. The amount of miufall m mnwl. 
rtorms is sometimes excessive over a large area of country, produoiuK diHUHtruim 
floods. On February 11-13, 1886, more than five inches w..ru v..w.rd.Ml ov..r 
an area of 6,000 square miles in southeastern New England; the Johnstown 
flood in Pennyslvania, May 30-June 1, 1889, was ostinmtod at ..vor eight 
inches upon an area of about 12,000 square miles, with aouiowhat h>ss lall on a 
much larger surrounding area, causing a terrible destruction of life ami propm-ty. 
In northern India, September 17-18, 1880, ten inches of nun f.dl uyor an area 
of 10,000 square miles ; its weight being 7,248,000,000 tons. It is uiauilest 
that the liberation of latent heat from so vast an amount of ram — nr the 
release of so great a supply of stored solar energy — must bo tho moaiiM of 
doing an enormons amount of work. 


280. Relation of rainfall and agrietdture. Wlion tho aniunil min Tall is 
under eighteen inches, agriculture can seldom be safely priuaised without 
irrigation. Grazing then becomes the chief occupation, iih is n<»w 
over a large extent of our western plains, between the nnudclian and the 
Rocky Mountains; and the people return in a luoasure to tli(» roving lih* 
characteristic of the aboriginal inhabitants of semwind n^gioim. WImuj tlio 
rainfall is less than twelve inches a year, the region is roduc.inl to a (hwi'rt., nnd 
the water supply is too small to be of service in irrigation, unh‘HH in small umas, 
or on the banka of large rivers. On the other hand, tho tro])i(«il regions wImum* 
the rainfall rises above a hundred inches a year are so luxuriantly ovorgrown 
as to make their occupation a difficult matter. Tho gonoriil rainfall of tlu' 
eastern part of our country or of western Europe, with an aunnul tubal varying 
from forty to eighty inches equably distributed through tho year, is an anniiint 
under which human occupations are best developed. 

The distribution of rainfall through the yeax* is a matter of groal moimuit.. 
The northeastern part of the United States is favored in having tlu^ avonigci 
value of the precipitation in Buccessive months coni|)arativ<dy 
droughts are exceptional, but when occurring are found in one stwison alM)ui. as 
frequently as another. In Florida, the summers are wet and iho. Avinbci's are 
comparatively dry. In eastern Nebraska, there is a similar distrihubioa of 
rainfall from dry winters to wet summers. In California, tho rovorsc^ is l:rm» ; 
the summers have a continuous drought, making tho ground dry and dusty ; 
the winters are cloudy and wet. These variations will bo fmnid to d(‘pcMid 
chiefly on the system of the general winds. 
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The irregularity in the monthly rainfall is an important matter, especially 
in regions where the annual supply is moderate. Even in the well-watered 
states east of the Mississipxji, a deficiency in the summer rainfall sometimes 
causes droughts j for example, the soiitliern Atlantic states had in September, 
1888, 1.84 inches ; while the same iiioiith of the preceding year had 9,47, or 
over five times as much : this varitition ai)poars to result chiefly from the 
variation in number, i)atlia, and activity of cyclones in different years. On 
the margin of tlu^ western Plains, where the totid rainfall is hardly enough for 
agriculture, the depariures from the normal monthly fall are of more serious 
import : a succession of rainy seasons tempts settlors further and further west, 
n.Tifl when a series of drier years follows, the distress occasioned by the failure 
of crops becomes a cjilaniity. 

Ill India, whore the year is divided into three seasons, the cold, the hot, 
and the wc^t seasons, tlu^ esrops are iiresorved in the dry season by irrigating 
canals fed from rivers rising in th(4 moiintmns, or in a amjiller way by water 
liuiupod u]i from tlio riveu's ; if the water in the rivers in insufficient, or if the 
rains arrives lat(i or are delicuimt, fiuniiie rc^sidta, and the people of that great 
country die by t\w thousands. In more recent years, with the improvement 
of the irrigating canals, and with the hotter means of transportation of the 
])leuty of one ])roviiice to supply the need of another, the danger from this 
sourcte is l(!ssened. 

286. Snowfall. In rcigions wlufni the winter snowfall covers the ground 
to a tliic.km^ss (d’ a foot or iiioro and remains unimdtod for a considerable 
period, it (^xcu’e-ises an important inllueiice on tln^ tcinpernturo of tlie air. 
lioiiig of ndatividy loose t(»xtun^, it is a poor (toiidiictor and thus very 
effectively j)revciits i.lu^ (^scai)O of heat from tlu‘. ground; at the saino time, the 
surface of thc< snow, losing its own lu^at by nuliatiou mid absorbing veiy little 
iiiHolntion, falls to a low tenuxu'atun*., and thus cuols tho air lying ui>on it. 
The presence of a heavy suow-covct during winter thus protects tho ground 
from deep fn^ezingand at tln^ sanu^ time dottuunines the occurrence of very low 
toinpc^ratunm in tlm air. 

The opening of spring is imie.li (hdayexi in regions where tho whiter snows 
aceiiiniilate to a e.onsidcu’abh? dejitli ; for until all the snow is melted, the 
Hurfjuxi (*.aiinot gain a tenijMU’ature above? .‘12°. The low temperatures of 
tli(‘ polar rc'gions, wlu'.ri? icu? and snow ])i’(?vail and last through the brief 
solstitial season with its higli values of insolation, have already been explained 
in this way (S(?eL 88). Near our t?ast(?rn e.oast, wh(?re rain and snow rapidly 
su(!ceed one anotlnu* in winter tinui, it fr(‘(iu(?ntly happens that a heavy snow- 
fall will hi\ almost eiitin^ly imdUxI a few days later by a mild rain, and thus 
the ]}n*e.ipitation of two storms will ho delivered quickly to the streams. Our 
Hoods of winti?r and spring an? (jliiofly (Jauaed in this way. 
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Lofty moxmtadns in all latitudes and plateaus in tlie polar rogioiw oftoii 
receive a greater supply of snow in tlie cold aeasou tliiui is undHA^d iu tlu^ 
following milder season- The thiokness of the snow cover thou eoutiuually 
increases until a movement towards lower ground is ostablisluul to disposo of 
the excessive supply; if lying on steep mountain Hlopos, tlio snow fiillK in 
avalanches into the adjacent ravines, filling them to a great <h‘ptlu With 
increasing pressure and especially with the aid of perciolatiiig widau* rn>m 
surface melting and from occasional rain storms, tho actmuniliit^'d «mi\v m 
gradually welded into ice. The mass thus formed slowly ( 5 i*(»e[)H downward, 
following the slope of the ground, and enters lower and milder levidn as a 
glacier; finally ending when the melting of its extremity ImiIuikw^h tlu^ HUpjily 
from downward creeping; or in the polar regions, ending in tlui hou where il« 
margin breaks off and forms icebergs, which are then Ixjriie away by (uirretits. 

The value of snow as a store of winter precipitation for suinnuu* use is very 
great in arid regions; and in the coming century we imiy i^ximetlx) the 
water of spring freshets that now runs to waste from our wesiHuni moiinUiiiiK 
» utilized m large part by detaining it in reservoirs in the uppt^r narrow valh'VHt 
md leading it out along the valley sides when desired in artili(*.ial e-analH unt-il 
it reaches the flat divides of the interstream surfaces on tlu^ arid ])biin», wbori' 
it can then be distributed over large areas. This is alvciuly done in a Hinull 
way, but such works will have to be greatly increased os tho need for tlioin 
becomes more and more pressing. 


287. Ice storms. Eegions of strongly variable temporaturo sulyeet U\ 
occasional winter storms in which the precipitation occurs as rain, but frccixoa 
as soon as it touches any solid body, suoh as the branclioa of trocm, or tcOogruph 
•^eQy or the ground. This happens when the ground and tho lowcn* air hn vn 
been made excessively cold during a spell of clear anticyclonic woailn^r, whou 
^ advance of an approaching cycdoiio briiigs <dou(lH ami 
by breaking down <m‘r-wrighi«ul 
f increnacd in w<dght Iami <ir 

r. 1 ^ hundi-ed fold. ]^(»w Engliuni is 

188 «, tl«» i» «om. |„ ,„„l 

™ ““Pto-I- They ^ 1,, 

5^ WMtogloa. Vh,m to 

^ ■««<>■» "f to, „i, 

etween forested and barnui regions (hiiJoiulK 



THE CAUSES AJTO DISTRIBUTION OF RAINFALL. 


295 


on the general winds and the form of the land areas, all of whicsh are permanent 
phyHical features of the earth, as far os human history extends. There is, 
however, a veiy general impression that the presence of forests increases the 
rainfall ; luid that the destruction of forests may cause the rainfall to rliminiRh 
so much as to reduce fertile regions to arid sterility. It is not to be doubted 
that the clearing of forests causes great fluctuations in the volume of streams, 
especially in liilly or mountainous regions. The streams overflow at times 
of heavy rain, when the undolayed surface water rushes down tlie slopes, 
washing the soil along with it, flooding and clogging the valleys with water 
and sand, and thus devastating lK)th high and lowland ; the streams almost 
disai)pear in drr)ughts when the misheltered ground is dried and springs 
wealceii their flow; but it is quite another matter to affirm that the amount 
of rainfall is altered by the dcstnictioii of forests. Tliere are few actual 
measurements that (*4in be api)Otiled to, and these do not give definite answer 
to the iiroblem ; the evidence tliat can bo obtained does not clearly support 
the poimhir belief. 

Pojmhir opinion is also disposed to believe in an increase in the rainfall of 
our seini-arid western Plains by means of tree planting and agriculture ; but 
no evidence*, in the ft)rni of actual records has been adduced to prove this very 
hazardous eoiiclusioii. Tlie oftcu-quotcKl iw^Humt of a wholesale planting of 
trees in Egy])t in the early part of this <*.(*ntury and a consequent increase 
of rainfall is untrue; no such artilicial eliiuatic change has been produced in 
that country, and none nticd bo exinuikul in this. 

289. Artificial rain. It is (dainie<l by some that extensive ooiiflogrations 
[)roiuote rainfall by (exciting a (U)nv(u;tioiial overturning in the atmosphere, 
whie.lL tiuMi grows to a rain storm; and by otliers, that violent oonoussioiis, 
HU(*.li OH the firing of hi^avy artilhuy on l>attl(ffieldH, causes rainfall even in 
times of ilrouglit. The iuIvo(«i1k*s of these theories have at times tried to 
provoke rain artirndally. Whiles it might perhai)B bo possible to hasten the 
nv(‘rturniiig of lui almost unstable^ atiiiospliere by a VJist conflagration, it would 
c*‘rtsunly 1 k^ V(U*y exptmsivci to attcunpt to alleviate the unfavorable conditions 
of a [Kn’sistiiiifc «lrouglit or tli(^ long dry sejison of an arid region by this 
method, and w(^ lu^c^d not oxp(u».t to witnews its successful application. As for 
tlm <‘(Torts to i)rodu{'.e rain by firing dynamiter and other explosives in Tdxas in 
ISA I, tlui ollic.ial account of tlmse (ixjn*viiuents gives every indication that 
only a Huv patt(*ring (lro])H of rain wore? caused by the explosions, and these 
only when heavy clouds were floating overhead; the rains that followed the 
longest scries of cxpl(»sioiis W(^r('. to all appearances ordinary summer thunder 
storms whose path liappened to (*.arry them over the places where the 
ex]}loHioiis were lired. 
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the weakest gradients, allowing the air to reach a high temperature and 
humidity and to expand upward, causing an ovei*flow aloft, and thus establish- 
ing the upper currents that mu oblitiuely towards the poles. In the process 
of expansion, tliore is also a diurnal conveetional movement, caused on the 
eciuatcuial lands by the warming of the lower air, but on the oceans presum- 
ably due ill greater ])art to the upward ex 2 >an 8 ion and diffusion of the plentiful 
vapor there taken from the water surface. In this bolt of warm damp air, 
the noonday witiiosBcs the production of clouds, followed in the afternoon or 
oveiiiiig by the oc.curroiico of livcdy showers of rain, which frequently reach 
the activity of violent thunder storms ; late in the night the clouds dissolve 
away, and in the morning tlni sky is gonorully clear. The belt of doldrums is 
therefore also known as the oqiuitorial cloud belt and as the belt of equatorial 
rains, stiuiding in strong cjontrast with the comparatively dry trade wind belts 
on either sidt*. The o(puitorial rainfall is estimated at about 100 inches. Its 
largo amount is duo not only to the activity of the conveetional processes on 
which it (lei)ciuls, but also and largidy to the ra])id decrease of the capacity 
for vapor when air cools at the liigli temperatures prevailing around the 
eqimtor. 

293. Trade wind rains. The tnulo wind belts over the oceans, although 
of a rather high relativ(i humidity, have a comparatively light rainfall because 
the temperature of tlnur winds risers as they flow, and their capacity for vaj^or 
coiTCHiKnuliiigly inc.reases. The eva])oratioii that they cause from the ocean 
aurfuxic is so strong that a slightly greater degreu^ of salinity is recognized in 
the ocmii watcirs witliin tlnnr limits, the trade wind belts being septirated by a 
Ixdt of less salines watcjr under th(^ Inuivy fall of the e<iuatorial rains. This is 
illustrated in Kig. I0f>, tlio surbieti water of the. trade wind areas has 

dcnisities of more than l.OliTO ; while the equatorial holt is below 1.0265 or 
3.02(;(). 

If the trade wind eneounterB a mouutaiiiouH island or a lK)ld continental 
coast, the driven ascunil. of the air over sutdi ohstruc'.tions requires it to cool 
by ex])aiiHioii, thus producing <!louds and g(ui(*.rally rain as well ; precipitation 
of this kind is known as troj)ic.al rainfall. For this reason, the windward 
slojxis of lofty lropi<‘ 4 il islands, lik(^ those of the Aiitilles, tuid tho windward 
coiwts of torrid lands, like (iuiana and southeast llrtizil, are well watered, 
receiving a rainfall of from sixty to a hundred or more inclios annually; while 
tho leeward slopi^s aro coinparativdy dry, tis in reru and northern Chile on 
tho leeward Hlo]>e of the Andes. The two sidt^s of tho Hawaiian islands are 
fliinihirly (X)ntnist(ul, oin^ Ixlng w<dl dotlicd with trojleal vegetation, and the 
other beitig (somparativdy dry and barren. In central America, the contrast 
hetweeu the well-watered and lmavily-fori»st(‘d oostoni slopes and the drier and. 
more open wcst(u*n slopes bus in great i)art determined the abandonment of 
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the weakest gradients, allowing the air to reach a high temperature and 
humidity and to expand upward, causing an ovei*flow aloft, and thus establish- 
ing the upper currents that mu oblitiuely towards the poles. In the process 
of expansion, tliore is also a diurnal conveetional movement, caused on the 
eciuatcuial lands by the warming of the lower air, but on the oceans presum- 
ably due ill greater ])art to the upward ex 2 >an 8 ion and diffusion of the plentiful 
vapor there taken from the water surface. In this bolt of warm damp air, 
the noonday witiiosBcs the production of clouds, followed in the afternoon or 
oveiiiiig by the oc.curroiico of livcdy showers of rain, which frequently reach 
the activity of violent thunder storms ; late in the night the clouds dissolve 
away, and in the morning tlni sky is gonorully clear. The belt of doldrums is 
therefore also known as the oqiuitorial cloud belt and as the belt of equatorial 
rains, stiuiding in strong cjontrast with the comparatively dry trade wind belts 
on either sidt*. The o(puitorial rainfall is estimated at about 100 inches. Its 
largo amount is duo not only to the activity of the conveetional processes on 
which it (lei)ciuls, but also and largidy to the ra])id decrease of the capacity 
for vapor when air cools at the liigli temperatures prevailing around the 
eqimtor. 

293. Trade wind rains. The tnulo wind belts over the oceans, although 
of a rather high relativ(i humidity, have a comparatively light rainfall because 
the temperature of tlnur winds risers as they flow, and their capacity for vaj^or 
coiTCHiKnuliiigly inc.reases. The eva])oratioii that they cause from the ocean 
aurfuxic is so strong that a slightly greater degreu^ of salinity is recognized in 
the ocmii watcirs witliin tlnnr limits, the trade wind belts being septirated by a 
Ixdt of less salines watcjr under th(^ Inuivy fall of the e<iuatorial rains. This is 
illustrated in Kig. I0f>, tlio surbieti water of the. trade wind areas has 

dcnisities of more than l.OliTO ; while the equatorial holt is below 1.0265 or 
3.02(;(). 

If the trade wind eneounterB a mouutaiiiouH island or a lK)ld continental 
coast, the driven ascunil. of the air over sutdi ohstruc'.tions requires it to cool 
by ex])aiiHioii, thus producing <!louds and g(ui(*.rally rain as well ; precipitation 
of this kind is known as troj)ic.al rainfall. For this reason, the windward 
slojxis of lofty lropi<‘ 4 il islands, lik(^ those of the Aiitilles, tuid tho windward 
coiwts of torrid lands, like (iuiana and southeast llrtizil, are well watered, 
receiving a rainfall of from sixty to a hundred or more inclios annually; while 
tho leeward slopi^s aro coinparativdy dry, tis in reru and northern Chile on 
tho leeward Hlo]>e of the Andes. The two sidt^s of tho Hawaiian islands are 
fliinihirly (X)ntnist(ul, oin^ Ixlng w<dl dotlicd with trojleal vegetation, and the 
other beitig (somparativdy dry and barren. In central America, the contrast 
hetweeu the well-watered and lmavily-fori»st(‘d oostoni slopes and the drier and. 
more open wcst(u*n slopes bus in great i)art determined the abandonment of 
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tt. toma to the ehorigmJ trUm, while the letter have tamo Um K.at 

01 heery mWll to oertein part. 01 tlm to.to ^ul 

belta is fonnd in the furious oyolones that traverse them on mirvoc i 
Z ten^pexl zone. AltO^ough of not 
theee cydonio rains are truly torrential, as has been stated in Sectiou -1 . 



Fio. 106. 


Data are not at hand to define closely tlie amount or diatvibiitiou of rainfall 
from this cause ; but on the Caribbean sea and in other cyclonic^ n^f^iona on 
the ocean, a considerable share of the total may be thus pru(liuu3(l. Soiiio 
of the Lesser Antilles have their greatest rainfall in the autumnal cycloiio 
season. 


294. Trade wind deserts. When the trade winds blow over a land of 
moderate elevation, they generally reduce its surface to a desert by doprivinjy 
it of moisture ; for it is not the quality of the desert rock or soil that iiiolcc^a 
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it barren, but simply the aridity. Plant life is almost or entirely driven 
away ; the unsheltered dust produced by rook disintegration is carried off 
by the wind, and only sand, stones and rooky ledges remain. Thus the great 
Sahara, crossed by warming and drying winds from southern Europe and the 
Mediterranean towards the equator, has extremely little rainfall and is left a 
‘ barren waste ; excepting in the more lofty mountainous parts of its surface, 
where the ascending wind becomes rainy. Arabia, Persia, and a large part of 
Australia are sterile for simlLar reasons. 

The greater oi'ea of desei'ts in the eastern than in the western hemisphere 
is the residt of the outline of tlio lands and the trend of the great mountain 
clmins. In the eastern hemisphere, the greatest breadth of Africa lies under 
the northeast tnwle winds ; it is a desert plateau of moderate height witli few 
mountiuns ; a similar desert surface, but more broken by mountains, is con- 
tinued within the trade wind bolt across Arabia and Persia into northwest 
ludiiu In the western hemisphere, the corresponding area north of the 
erpiator is largcdy oc.eanic, the Amorioon continent being narrowest in the 
latitudi^B of tho noHlieast tnulos, and widest under the equatorial rains. 
Moreover, Moxic-o and Central Amori(ja 1 )obbobb momitains and table lands of a 
considerable altitude, lying directly acu'oas tho course of tho winds, and thus 
calling forth a plcmtiful rainfall on tho windward sloi)e8 at least. 

South of tlio ecpiator, Afri(yi has a good supply of rainfall on its mount- 
ainons coast to tlu^ soiithtuwt, whore th(j moist sontlioast trade from the Indiiui 
o(»ean strik(w tlu^ lan<l ; Imt it (sontains a hirg(» aroii of modonite rainfall in tho 
int(n*ior, and towards tho western <*.oaHb tlu^ desert of Kelahari repeats the 
aridity of tlic^ Sahara, but on a snialbu* se.ah*.. Australia i>roHents a similar 
arrangement, having a narrow, well-wsitenul coastal strip on the southeast, 
while tho intt^rior is for tho most ])iirt too dry for ocoupation. A correspond- 
ing Huce.essi(in of parts may he seim in torrid South Ann^rien, hut with certain 
(liIT(U’<Mi(U‘s. South of the e(|iuitor and towards the Atlantic (joast, them are 
])hmtiful ruins on the mountn.in sloixis; furtluir inland the coiintiy becomes 
lower and nuie.h dric^r; it is almost a dissert in the tnwle wind latitudes near 
the (aistern Ixise of tho Ainh^s, but this great barricn* again ])rovakeB rainfall 
ami leaves only a narrow <l(^H(n‘t stri]) along tlni Uiwulie. coast. 

295. Th6 horse latitudes or belts of tro])ioiil high pressure liavo been 
exjdaine.d iis regiems of gently dese.e.iiding air, whence the trades and the 
siirbice iiKunbers of the pnwailing wimterlies move away obliquely on either 
8id(».. As aH(*.(nuling air e.ools and bee.oin(?H e.loudy and rainy, so descending air 
warms and be.e.oiiK's dry and clear, 'Phe horse latitudes are therefore regions 
of fn^sh ehuir air, drier than the trades and with little rainfall in their light 
and biiRling bnx^zes. The contrast ht^tw(um tho equatorial aud tropical belts 
of light winds and J'rtique.ul e-alms is tlnn-cforo highly instmetivo when con- 
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sidered in oonneotion with the general droulation of the atniGS])hoiM^ ; oiiO 
being sultry, damp, doudy and rainy ^ the other fresh, clear tuicl rtdiiiivoly 
dry; just as the theory of Chapter VI would require. The growth of con- 
veotional clouds may produce local rains within this belt, but thoy art^ neithnr 
so plentiful nor so frequent as the heavy daily rains of the eqiuitorial belt. 

296. The stormy rainfall of the westerly winds. The wosterly winds 
follow on the poleward side of the horse latitudes. These seldoiu pro<lutu» 
rain from their own action, but they are subject in both hoiuiHph(U’i5H to 
frequent stormy or cyclonic overtumings, and in these oveitui’niiigH tlu^ vapors 
gathered by the winds from the oceans are condensed to cloud Hlic^cts and 
yield plentiful rain. In certain parts of this belt, the precipitation is greator 
and more frequent in amount in winter than in summer, because in wiiitiu tlin 
activity of the winds is greater and the violence of the storms is tlu'ii 
increased; this is especialLy apparent on the oceans and on westoru coastH iii 
middle and higher latitudes. In other parts of this belt, pai*ticuilarly ovi^r 
continents at a distance from the oceans, where the continental indrart of tilio 
warm season draws damp air from the seas and where the high tinn])iiratnr(» 
then prevalent provokes local conveotional storms, the rainfall in groati^r in 
summer than in winter. Thus the contrast between the greater winter rainfall 
of Oregon and Washington (state) in winter and the greater suniinor rainfall 
of the upper Mississippi videy is explained. A similar oontraHt is found 
between the rainfall of the western coast of Europe and of the iiitorior plains 
of Euflsia and western Asia. 

Bainfall is generally of sufficient amount in the belt of we8t<^rly winds 
over the oceans as weU as over a great part of the lands, varying from thirty 
to eighty or more inches. Exception must however be made of c*,<)iitimnital 
interiors, distant from the oceans or enolosed by high moimtiiiiis, wlnuHt 
these middle latitudes are arid; and of bold western coasts of higluu* latitudes, 
where the rainfall becomes excessive, reaching more than a hundrod implies al; 
points where the form of the rising land gathers in the wind and loc^ally 
increases the precipitation. Even so moderate a relief as that of (}r<ui1. 
Britain shows a decidedly greater rainfall on its western slopos, wliiin* tlio 
moist winds from the Atlantic first meet the highlands, than on tlu^ lowcn* 
eastern slopes, where the winds flow after having lost some of tlnnr vapor. 
The Scandinavian peninsula shows the same contrast more distiiudly; and 
it is exhibited with extreme emphasis in our western territoriea, of wliic.h 
more below. It must however be borne in mind that as the westerly windu 
often blow over monntains without yielding rainfall, while tlio cyclonic, 
storms within these winds give forth rain not only on mountains but on low- 
lands also, the storms and not the action of the mountains on the gBiinral winds 
must be regarded as the oontroUmg cause of precipitation in this bolt ; while 
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tlie mountains serve locsoUy to increase the precipitation that the storms, 
produce. 

It is chiefly to cyclonic storms that the amide rainfall of the eastern 
United States is due. There is a rainfall of from 30 to GO inches or more 
from the 9C® or 98® meridian to the Atlantic coast, distributed with remarkable 
imiformity over this great region, especially in tlio growing season, and well 
apportioned through the year. Decidedly the greater pai't of this comes from 
cyclonic storms. The amount increases towai'ds the (hilf of M(?xi(io and 
tlie Atlantic coast, whence nearly all the supply of vapor for this rjiinfoll 
is derived. In the Mississippi valley, tliere is a certain excess of the smnmer 
fall over that of the winter, mostly the product of local couvectional 
storms, whose op])ortuni1y is found chiefly in a certain part of the cyclonic 
area ; but this is on the whole an advantage to agriculture. Although droughts 
sometimes afflict considerable districts, and floods occasionally devastate tlie 
larger valleys, yet the world hardly contains as large an area as this so well 
adapted to civilized occupation. The iinportanco of tlu^ warm waters of the 
Gulf of Mexico and of the western part of the hloitli Athuitic eddy (including 
the Gulf Stream) cannot bo overestimated in this respect. Instead of our having 
an American Sahara to the south of us in the trade wind latitudes, we have a 
great re-entrant of the oceanic shore line, into which flows a strong branch 
from the vast eciiuitorial current of warm waters. The general winds, timied 
into an im])erfect eddy around the Noi*th Atlantic bfisin (Sect. 157), boro gather 
abuiithinfc va})or and shed it in a benelicent rainfall oven* tlui eastern half 
of our e-ouiitry. No formidable mountain I'nngci drains the winds of their 
moisture on their way inland, heaving the rtigioii to let^ward a desoi't, as in 
southern Asia. TIiul North America b(^(m brotul in tlm trjuln wind belt and 
narrow fuiijher north, its value as a home for man would have been greatly 
diminished. 

297. Arid regions of the westerly winds. The southern i)art of South 
America is the only considerable land area in the belt of westerly winds in the 
southern hemisphere ; its narrow westoni 8loi)e luis abundant rains, while its 
brotul eastern pltuns are companitivoly dry ; luit being for the most i^axii open 
to tlie adjaciont Atlantic, they have a small or iiiotlorato rainfall from passing 
oyclouic storms. In the iioHiuu'n liemispli(u*(s on the otluu' hand, the continents 
exptuid to their grcatc^st bn^ultb in thci latitude of the westerly winds, and 
iiudndo arid or destu’t regions of vast (extent. Tlie greatest of those extends 
ov('r the western ])hiiiis or Hte])peR and the ccmtral btisin of Asitu The steppes 
lie so far to the leeward of tlu^ Afclantie that the gi*eater iiart of the vapor 
brought from that ocean has l>e(m condensed on the way, and the remainder is 
not easily prompted to fall. The interior basin, hemmed in on all sides by 
lofty mountains, is an extremedy arid region ; tho rivers descending the interior 
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slopefl from tie snowy ranges weaken as they emerge on the piedmont plait^^^ 
and disappear further on in the sands of the desert 

In North America, the dose approach of our Cordilleras to the Pacific, 
whence the westerly winds bring their vapor, leaves a large interior region 
with deficient rainfall While the higher mountain crests and plateaus recei'VO 
a relatively plentiful rainfall, bearing heavy forests above 7,000 or 8,000 feet 
altitude up to the tree line (about 10,000 feet), the plains between them are 
for the most part extremely dry and barren, and agriculture is limited to 
localities where irrigation from mountain streams can be introduced without 
too great expense. The driest part of this interior region lies in Arizona and 
in the part of southern California east of the higher mountains; here tlxe 
rainfall averages less than three inches a year at several stations. Furtb.©r 
eastward and northward^ the rainfall gradually increases ; but the infiueuoe 
of the Cordilleran rain shadow is felt half way across our continent. 

298. Contrast of torrid and temperate rainfalls. A marked contrast is 
found between the distribution of rainfall under the easterly trades of tlx© 
torrid zone and under the stormy westerly winds of the temperate zone. lu 
the former, the occurrence of cyclonic storms is a minor feature, and rainfall 
is prompted chiefly by local storms or by the mountain ranges on the path of 
the winds. In the latter, cyclonic storms are the* rule, especially in wintei* ; 
mountain ranges are truly important in determining localities of greater aixcL 
less rainfall, yet cydonio disturbances are the chief rain makers. This is besi? 
seen in contrasting the prevalent fair weather of the trade belts in the broa.d 
Pacific with the inhospitable stormy weather of the high southern latitudes, 
where the westerly winds encircle the earth with hardly an interruption. Tlx© 
few expeditions that have penetrated that forlorn region bring reports of its 
continuous succession of blustering storms, with clouds and rain or snow ; tlx© 
nnhappy product of an excessively large ocean surface, comparable in its 
depressing effects only with the arid interior of Asia, where the land area« 
is excessive. 

A farther contrast is found between the rainfall of torrid and temperat© 
latitudes in the ooourrenoe of heavy rainfalls generally on the eastern coasts oxr 
mountain slopes of the former, and on the western coasts or slopes of tlx© 
latter. Torrid western coasts are wet chiefly where they receive the equatorizLl 
raias, as in the Ghilf of Guinea and on the Pacific slope of Colombia, Soutlx 
America; both of these regions lying somewhat north of the equator ort 
account of the unsymmetrioal position of the heat equator. In South America, 
the eastern coast in Guiana and Brazil and the eastern slope of the torrid. 
Andes are well watered ; while the western slope in Peru and northern Chil© 
is dry, A similar arrangement is exhibited in Africa south of the equator, but; 
to the north, the continuity of laud towards Asia prevents its occurrence. Oix 
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the other hand, British Columbia and Alaska in the new world and the western 
coast of northern Europe in the old world are the regions of heaviest rainfall in 
the north temperate zone ; while less rain falls to the eastward. Similarly, 
Patagonia has abundant rainfall on the side towards the Pacific, but is drier 
towards the Atlantic. Even in the Australian continent, the same relation 
appears ; the Australian Ali)s having the most rain on the southeastem slope ; 
while in Tasmania as well as in the islands of JJTow Zealand the rainfall is 
received chiefly on the western slope. 

An exception to the general arrangement of Kiinfall in the torrid zone, as 
stated above, is found in India and in the Malay poninsuliu There the peculiar 
regime of the monsoons causes the western, not the eastern, coasts to receive 
the heaviest luin ; and the double season of cyolonos gives a larger share of 
cyclonic rainfall than is known elsewhere witliin the tropics, os is further 
explained below. 

299. Rainfall of high latitudes. In passing further towards the poles, 
tlie proportion of snow in the total rainfall increases, hut the tofeil precipitation 
deoreoses, and in the polar regions it is comparatively modorate as far as 
observation goes. The annual sum is gcu(u*ally less tliaii flftecn inches, and 
in ceitaiu polar regions it is hms than ten iiic.lum. This is to 1)0 explained 
partly hy the absence of local convoctional storinK, on wliich so much rain in 
the torrid zoiui and in the summer season of th(» ttuni)erat(^ zoikss dcipoiuls; and 
still more by the slow d<MU‘(uisc of tho csi[){U5ity for vapor at th(» low tomi)era- 
tures of tlu^ ])()lar regions ; so that in H]iite of active c.yttlouie Htornis, the 
precipitjitioii that they c.aii yield is of small amount. A mass of saturated air 
cooled from OO® to 80®, as might hai)jHm in an (ujimtorial thmuhir storm, would 
yield twenty tiim^s as much rainfall as if it wiu’o c.ooled from 0® to — 10® in a 
polar cyclonic storm. Moiition luw alnwwly btum iiuwh» of the ulwimco of snow- 
flak<m when the prindpitatiou of tlic^ polar regions Lakes ])hui(t at teiuperatiiros 
under 5® or 10® Ixslow z(iro ; tlic prc.cijutjition then is in tho form of tine ice 
spicules. 

300. Migration of rain belts. The tc^rrestrial wind system shifts north 
and soutli in an anmuvl ]){i‘rio(l following the ])juiKago of the sun. Tho holt of 
oqunt{)rial rains therc^forc^ movers north and south with tlic^ doldnms, os already 
illustrated by Pig. fii), for the torrid Atlantic^, tjikeii from the Pilot ChaiiiB of 
tho North Atlantic-, publisli<«l by our IIydrr)grai)hic 011lc,e at Wiisliington, and 
from other H()urc<‘-s. 

At certain stations near the ociuator, tho migration of tlio doldnims produces 
two rainy fleasons with tho sun ovorlmml, and two iutorvouing dry seasons when 
tlio ami is to the north or south. This is shown for several stations in the 
following table ; Sao Tliomd being an island in tho Gulf of Guinea oflE Afric-a ; 
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the. Gkkboon being a part of the equatorial African coast near by ; and Quito 
and Bogota being in equatorial South America. 


301. Sub-equatorial raius. As a consequence of this migration^ ooch 
trade wind belt is annually encroached upon by the equatorial rains ob tho 
sun enters its hemisphere. Thus the luxuriant forests of equatorial Africa 
merge into the wastes of the sandy Sahara through tho more habitable bolt of 
the Soudan, with dry winters and wet summers ; the rainfall being less aiicl its 
duration becoming briefer as the permanent desert area is ai)proachod, where 
practically no rain falls. South of the equator there is a corresponding 
arrangement of wet and dry seasons. A matter so important to onoicnt 
civilization as the flooding of the ^ile depends on this control of the seaHOiiol 
distribution of rainfall : when the sun is south, the Blue iN'ile rising in the 
mountains of Abyssinia is almost dry ] but as the sun comes north and tho 
c a l ms and the rains follow it, the river rises and its volume is added tho 
more constant supply of the White Nile, which comes from the great lakos of 
equatorial Afidca ; thus causing the summer flood of the trunk river in middle 
and lower Egypt. 

In South America, the extended plains or llanos of Venezuela ore well 
watered from May to October when reached by the equatorial rains, but urc 
dry and parched for the rest of the year, when they are swept over by th (4 
cloudless trade wind. While the llanos are dry, the interior compos of I^rtizil 
have their rains from October to April, and for the rest of the year tlioy in 
turn have dear and dry weather. These may be called tlie regions of sub- 
equatorial rains. 


The alternation of rainy and dry seasons is even more apparent in tho 
monsoon region of India . When the sun is south, the northeast or winter 
monsoon flows from the mountains to the sea, and the greater pait of the vast 
peninsula is dry.^ In the opposite season, when the high temperatures of otirly 
summer have shifted Ihe belt of low pressure to northern India and PorHia, 
the southeast trade wind comes across the equator and becomes tho south wtist 


or summer monsoon, causing heavy rains on the Ghftta or bold western cioiist 
of southern India, on the mountains of Burmah, and on the lofty Ilimabiya 
further north. On the latter, the greatest rainfall of the world is found 
^ounting to forty feet a year north of the Bay of Bengal, and nearly all of 
this falls in the five months from May to September (see Sect. 284). The 
southeastern coast of Asia has for the same reason a contrast between wet 
sunmers and drier winters, but the difference is less marked than in India, 
Northern Australia, with a northwest landward monsoon in the southom 

November to March or April. 

The foUowmg table gives the precipitation of certain torrid stations in 

TT* distribution of equatorial and tropical 
all The pages in the first column refer to Hann’s mmatolot/ie. ^ 
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ELSMENTASY KBTEOBOLOGY. 


802. Sub-tropical rainfall. The tropioal belts of high pressuro liavo boon 
desoribed as shifting towards and from the equator with the migration of 
the heat equator and with the inorease and decrease in the strength of tho 
circumpolar whirl in winter and summer. With us, the belt over which they 
migrate is therefore occupied by the drying trade winds when the sun is iiortli 
and the stormy westerlies when it is south. The limits of the sul)or(liiiatii 
belts thus defined are not sharply marked, yet the belts are easily rocoguizod 
by the control that they exert on the seasonal distribution of rainfall. 
When the calms or the trades are present, the rainfall is small ; when tho 
westerlifis prevail in winter, rain falls during the passage of their cytslonic 
storms. The belts in which the rainfall is thus determined are called regions 
of sub-tropical rains. 


The r ainfall of the Mediterranean countries of southern Euro 2 )o and 
northern Africa is of this kind, particularly in Spain and Algeria : in tho 
summer season, they are prevailingly dry ; in winter they have a fair share of 
rain. In the Sahara^ the southern limit of the sub-tropical rains from tho 
winter oydonio storms of the westerly winds approaches the northcni limit 
of the sub^quatorial rains ; hence only a small part, if any, of that desert is 
truly raMess. Southern Australia exhibits the same altemation of sul^tropicMil 
seasons, ite summers being controlled by the trade winds, and its wintiu's by 
the margin of the stormy westerHes. The southwestern extremity of Afriiui 
has the same succession of dry and wet seasons. 

On the western aide of the American continent, the areas of milvtropinal nr 
^t» rams are very distinct, on account of the meridional trend of the 
CordiUeras hy which the general winds are turned more or loss ooniidcttidy 
into ed^es around the oceans, as explained in Section 157. As tho Piiciih^ 
westerlies approach the continental barriers they give off a brancii which turns 
^mtorwaxd to join the trades, and here the coast is dry in both hemisphores ; 

of the w£dT t “^®®^to division between these two moinbora 

of the tropical belt of high pressure. The western coast of North Am<,ri.,a 

* i. «0«pi.d b, 

^ b... ,b, 
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Lower California, where very little rain falls at any time. We liiul in tliis 
the full explanation of the seasonal distribution and the increases of rainfall 
northward along the Paoifio coast; from 12 inches at San Diego, to 24 at San 
Francisco, 88 at the mouth of the Columbia river and 106 at Noah Day, 
Washington. 

A similar arrangement of seasonal rainfall is found in Chile. Tlio Hoiitliern 
extremity of that country, commonly known as the western slope of Patagoniii, 
is rainy throughout the ye^, Nor^ern Chile is persistently dry, forming tlii^ 
desert of Atacama. An intermediate portion is well watered in winter, wlum 
the stormy overtumings of the westerly winds reach it, and dry in siimincu*, 
when it is brushed over by the warming branch winds from the W(mt(u*lic*« t,o 
the trades. 

Northern India is peculiarly situated with respeot to the sub-tropicuil rains. 
In the winter season, rains from weak oydonic storms occur on the uortlmrn 
plains and along the marginal ranges of the Himalaya, progressiiig from west 
to east, after the usual fashion of the cyclonic storms of the teiiijx'witi^ zoiu^, 
and thus indicating their correspondence with the winter rains of otlior 
sub-tropical regions. But the opposite or summer season, instead of Ixuiig dry, 
is wetter than the winter season, because at this time rain falls from the 
storms of the summer monsoon. 

A review of the preceding paiagrapha may be made in the ctu the 

preceding page, in whiob several characteristic rainfalls of the sub-ti-ojiical lii-lt 
and of the westerly winds are assembled. The examples for the United KtiilcH 
are supplied by the national Weather Bureau ; most of the rest iini Hul(Htli(id 
from Hann’s Miimtologie, in which many other records may be found. 


308, Effect of clouds and ra infal l on the general circulation of the 
ato^hore. Section 199 has explained the greater altitude roiudiiid by 
doudy than by olear local oonvectional currents. An extension of tlic siuim 
pMciple wiU explain -the aesistance given to the general oiroulation of tl.<» 
atmospher^y the Hberationof latent beat in the rainy cloud belt lu-ouud tiu. 
equator. The retarded cooling of the ascending currents in whioli tho c.louds 
me fomed e^bles the air at a given altitude to maintain a higher t(uupcratim> 
It would possess if dear ; and as the equatorial douds are ohiefly fonudd 

sea level. The relative increase of temperature thus determinod mixHm tho 

^.^4 ““ 

Tme wo^d, and thus hastens the general circulation. The abseiico «C luLd. 
temperatures m the lower air over the torrid seas is in tT>ia uro-ir • _l ^ 
good, aa far as the terrestrial winds are 

The abundant cloudiness and frequent rainfall of high latitnd«o ,i, n * 

olaaS, 
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at the low temperatures prevaleut far north and south the latent heat liberated 
is not great, and the cooling of the air is but slightly retarded. Furthermore, 
as terrestrial radiation is relatively strong hi high latitudes, the presence 
of clouds there must allow the air to cool more than if it were clear, and hence 
the isobario surfaces will converge x)oleward more rapidly than they would 
otherwise. It tliereforo seems, on the whole, that cloud-making and rainfall 
must accelerate the terrestrial circulation. 

The co-oi)erati()n of soa and valley breezes has been already mentioned. 
It may now Ikj perooivod that the clouds formed and the rain falling in the 
day-time over mountainous islaiuls must still further aid tlie flow of the 
diunial winds. In the same way, the heavy mansooii clouds and rains of 
India in Buiiimcr must help along the inflowing monsoon winds. The circular 
tion around the low prcssuin areas of the nortlieru Atlantic and Pacific ooeaus 
would, on the otlior liond, appear to bo retarded in winter by the radiation 
from their extensive cloud masses, whose action in tliis respect must tend to 
diminish the exiu^ss of t<»mporaturc that would otherwise prevail on account of 
the abnormal warmth of the oeoan waters and the liberation of latent heat 
during the formation of the abundant olouds of tliese regions. 
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CHAPTER xm. 


WEATHER. 

804. Weather. Thtis far, our attention has been directed to tho study of 
phenomena in their complete and ideal development ; the general dititi'ibntiou 
of temperature over the world ; the terrestrial and continental ciroiilatioiiB of 
the atmosphere ; the larger and smaller storms 5 all these have been tli^Hctribod 
according to their conditions of occurrence, following each one over all the 
area that it occupies. Similar phenomena in different parts of the world have 
been considered together ; the low pressure at the south pole with tluit at tluv 
north pole ; the trade wind belts all around the torrid zone 5 the coiitinoiital 
winds of Australia with those of North America ; the cyclones of tho various 
tropical oceans ; and so on. 

In this chapter, we proceed in an entirely different order, and c-oiiHidor 
the actual succession of phenomena, however varied and arbitraiy, us they 
are experienced at one place or another in different ports of the woidd. »Soiue 
suggestion of special effects of this kind has been presented in the mwjoiints 
of the passage of a tropical cydone (Sect. 218), of the weather chang^OH eausod 
by the passage of cyclones in our latitudes (Sect. 243), and of tho ])iiHHago of 
thunder storms (Sect. 252); but these sections had for their first intcuition 
the better understanding of the phenomena that they considered, riithoi* than 
the part that these phenomena play in determining tlie succoHsioii of evonis 
that an observer at any single station would experience. Wo thoroioiH^ now 
turn more particularly to the study of events in the natural order in whic.h 
they happen at any single place; the successive meteorological conclitions of 
all kinds being collectively named by the term, Weather. 


805. Weather dements. All the atmospheric conditions whioh an olmc^rvt^r 
notices by sight or feeling may be called weather elements. TIiohc^ iiudiuh^ 
the temp^ature, humidily and movement of the air about him, tho oouditiou 
of the 8 ^ as to clouds or haze, and the occurrence of precipitation, iw rain, 
snow or hail. Inasmuch as observations are commonly cai-riod on iioar 
level, It follows that weather is largely concerned with the conditions of tho 
lower but the weather noted by an observer on a high mountain nmtk 
be governed by the lo% currents. Besides the familiar and Hculil.li, 
ents above named, it is convenient to include another, of wliicli our unaided 

atmosphere, 

it is of ao m ^barometer. Although not properly a weather element itHolf, 
of so much importance m understanding the relations of the ootuoi 
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weather elements and the meaning of their changes, that it is advisably 
considered with them. 

306. Control of weather changes- The change of weather from one con- 
dition to another may be recordtnl by its effects on the various instniments 
already described for determining temperature, wind, and so on. This may 
be done without reference to causes and without luiy aearoli for explanation 
of cliange ; but it is nut the objo(it of this book to encoumge the keeping 
of so inaulttoicuit u record tis sucih a one would bo. Along with the careful, 
unprejudiced record of the fofits of ohservatioii, there should always go a 
serious attempt to refer the facts to their ctuises, whethcT simple or ooinplex. 
It is thus ]>oH8ihlc to gain an understiuidiug of many changes, and even to 
anticipate their occurrenoe ; hut much remains to ])e discovered in this direction. 

The chiof controls of weather olianges arc, tii’st, tlio diurnal variation of 
insolatio3i from day tt) night ; seciimd, the annual change of insolation from 
summer to winter ; third, the ])aKHtige of cyolonio and anticyclonio areas, with 
their attendant Hiiiallor st{)rmH ; fourth, tlio passage of irregular surges of 
pressure and temjKU'ature, whicdi appear to be of longer period, larger area 
and slower eastward niovcmumt than (*.yclonos and anticyelones are. The 
diurmil and annual eontrols are regular in period and comparatively regular 
in valiK^ at any singles stiitioii ; they vaiy in intensity from jdaco to place in 
{iccordaiu'^e with such fuistorH as hitiiiubi, form and altitude of land, and distance 
from the nm ; they ani r(dativ(dy w(jak on the torrid oceiuis, and strong on tlio 
iimcr hauls of higli latitudes. Tim otlujr (unitrols arc everywhere more* or less 
irregidar in p(»riod, and tliey vary greatly in froquoiuy and intensity in 
diffenmt ]»artH of the globi^. 

The diurnal (duinge givers \in warm days and cool nights. The annual 
clmuge brings us fair, warm summer wc^atJicu* luid stormy, cold winter weatlu^r. 
Cyclonic and unticyclonic (Jhang(^H ini(*rrupt the reguhir scupience of diurnal 
ehang<m and introdue.e the (diiuf iiT(*gular alternations from cloudy, wet and 
windy weatluM* to fair wcaUic'r with rtdatively dry and (piiet air. It is for the 
most part with theses (dianges that W(uither luedietion is (H)ucerned, Surges 
seem to control sjMdls of weather that hist oiui or soveral weeks, as in b[)«11h 
of unusual luuit or (!old at dilT(u*eiit timers of y(»ar. Sune.essivo Hurg<’H Hometiiues 
follow tolerably reguhir periods ; the.sci (‘osily r*‘e.ogiiiz«'.d after their com- 
pletion ; they e.ou tin U(^ as long as they are not brolciui by some irregular variation 
of unknown cause ; hut uo one luis y(?t su(i(i(u«d(?d in determining beforehand 
hoAV many surgci periods may o(«‘.iir or wluui they will be broken into by sonio 
oth(U' ('.aiiHO of change : luuu'.e, for the ])r(^seiit, the? surge is not ])piUitioally 
utilized in forer^ostiug ilu^ wc‘ath(»r. Tlu^ e.ond)ination of all controls ])ro(lu(tOH 
ail c'xeoedingly irregular He(|iioiion of weather changes, which in our latitudes 
cannot at prescuit he foretold for more than a few days in advance at most. 
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307, Weather of the torrid zone. The torrid zone, embraohijj about a 
half of the eajrth’s surface, and inoltiding a large oceanic area, is for the 
greater port characterized by a regular sequence of distinct diurnal oluuigus, 
■with a comparatively steady and regular change of ■weather in passing from out* 
season to the next ; and further by small interference from ttytdonit^ inttir- 
ruptions. One day is much like another ; even the small double diurmil 
oscillation of atmospheric pressure is repeated day after day with trilling 
irregularity. The diurnal range of temperature is remarkably steiuly, Tlu' 
■winds o'yer the trade "wind belt ore much steadier in direction and veltxity than 
■we know them here. Clouds increase in the day-time and decrcjiso at night. 
When rain occurs, as in the equatorial belt, it manifests a distiiuit diurnal 
period, falling chiefly late in the day, while the mornings are gonorully tlry. 

A closer study of the weather of this vast zone suggests its division, lirst, 
according to the general wind system j second, according to ocean and land 
areas. We thus recognize, first, the two belts of the steady tnulo winds ; 
second, the equatorial belt, where the weather in difierent tinu^s of year 
vmes with the change from the wet to the dry season. Etudi of tlKise 
^visions should then be divided into continental and oceanic awxia, jis tln^ 
intensily of weather changes from day to day and from season to soiisou will 
be found much more pronounced on land than at sea. 


308. pie trade wind belts. In the trade wind belts at sea, the (ioimtoncy 
of the winds and the regular succession of the moderate dimnal range of 
temperature, day after day, is hardly to be imagined by those who know only 
our stormy portion of the temperate zone. The wind flows from tln^ same 
quarter and with about the same velocity day and night ; clouds form in tho 
day-tone m moderate amount, and generally die away in the ovoning, soldom 

S! a, cyclone paasen by and takca 

control of aU weather changeB into its own hands. The oool(»r wiuitbor (.f 

S tiTl ^ temperature only eight or ten degrees lower than tho w<«itlun- 
in the warmer months. 

In the trade belt on land, the dryness of the air and the increase in the 

^ the most notoblo features. 

In the hrt ^ason, the heat at mid-day is extreme, and when aooomi«uue<l by 

^gh ^d, bearmg elonds of dust and sand, it may be fatal to lifo 

relatively cool. Travellora 
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trade wind belt partakes of the features of the sub-equntoriiil belts, when the 
march of the sun brings the rains upon it. Here the weather at dilferent 
seasons is strongly contrasted ; varying from the oxtreinos of warm, dry winds 
at one season, to sultry calms, broken by violent thunder storms and drcnudiing 
rains at another. In tlio monsoon region of India, piuiiicularly in the northern 
plains of the peninsula, tlie contrast between the weather of dilferent times 
of year reaches an extreme for tlie torrid zone. The weather in the cold 
season is cool and relatively dry, oocjisionally including distinct (jyoloiiic 
changes, when an extra-tropitml cyclone, moving eastward, causes noii-diurntil 
variations of wind, temperature, cloudiness and rain. The early summer 
brings days that ore hot cnoiigh for an <^qiuitorial latitude* ; and wliou the wet 
season succeeds the hot season, the dry heat is followed by W(jatlier ns sultry 
and oppressive as tliat of the doldrums. 

309. The equatorial belt. Between the trade wind holts, the weatht*r of 
the doldrums is hot, moist, cloudy and sultry, with calms or light breozes and 
fre<iuent nuns, returning day aft^ir <lay with luncli I’cgidarity. Whim tlic 
doldrums movi* away and the trailo winds follow them, the weather for a time 
becomes chuirer and fresher. The equatorial belt on laud is niore pronounced 
in its weather types than at sea. Its heat is more iiitciise; the storms of 
its daily rains appear to be* more Hcvi*re tluui at sea ; its variation of weather 
from one season to another is much more marked, owing to tlie increased 
migration of the wind belts ; but it is still essentially diurnal weatlier. An 
account of dava, by tJunghulin, calls es[>ecial atteutioii to tin* surprising 
regularity of tlie daily we-ather changes in the inti*rior of the island. The 
evening sky soon beeomeH clear, and the. air relatividy cool and damp. Late at 
night, fogs form on the lowliiiids. The morning sun dispels the fogs, but 
cumulus clouds soon form, ])articularly over the moiintuins, and a light breiize 
8])riugs up. Rain oft(*n falls on the inountains in the arternooii, but soon after 
sunset, the clouds dissolve away again, and the serii^s of changes is begun once 
more. All of this is ]mrely diurnal weatlier in its iierfcotiou, 

310. The sea breeze. On the coasts of eipiatorial lands, the distinct 
diurmil control of the W(*ath()r causes the soa breeze to attain an importance 
that it never reach(*H with us. Tin* old navigator, J)am])ii*r, desorihiid this 
with imaoh ajqirec.iatiou two hundred yiiars ago: — 

“ Sea broezos do commonly rise in the morning about nine a clock, soinetiines 
sooner, sometimes hit(*r; th(*y lirst approjudi the shore, so gc*ntly, sis if tli(*y 
were afraid to come near it, and ofttimes they make some faint breathings, 
and as if not willing to olTi*nd, they niaki* a halt, and scorn ready to retin*. I 
have waited many a time both ashore to receive the ph^asure, and at sea to 
take the benefit of it. It comes in a fine small black curh* ujiim the watt*r, 
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when as all the sea between it and the shore not yet reached by it^ is as 
smooth and even as glass in comparison ; in half an honr^s time after it has 
reached the shore it fans pretty briskly^ and so increaseth gradually till 12 
a clock, then it is commonly strongest, and lasts • so till 2 or 3 a very brisk 
gale I about 12 at noon it also veers off to sea two or.three points, or more in 
very fair weather. After 3 a clock it begins to dye away again, and gradually 
withdraws ' its force till all is spent, and about 5 a clock, sooner or later, 
according as the weather is, it is lull’d asleep, and comes no more till the next 
morning. These winds are as constantly expected as the day in their proper 
latitudes, and seldom fad but in the wet season.” 

Land-breezes are as remarkable as any winds that I have yet treated of ; 
they are quite contrary to the sea-breezes ; for those blow right from the shore, 
but the sea-breeze right in upon the shore ; and as the sea-breezes do blow in 
the day and rest in the night ; so on the contrary, these do blow in the night 
and rest in the day, and so they do alternately succeefi each other. For when 
the sea-breezes have performed their ojBlces of the day by breathing on their 
respective coasts, they in the evening do either withdraw from the coast, or 
lye down to rest ; then the land-winds whose o£9.ce is to breathe in the night, 
moved by the same order of divine impulse, do rouze out of their private 
recesses and gently f^ the air till the next morning ; and then their task 
ends and they leave the stage.” 

« These land-winds are very cold, and though the sea-breezes are always 
much stronger, yet these are colder by far. The sea-breezes indeed are very 
comfortable and refreshing ; for the hottest time in all the day is about 9, 10 
or 11 a clock in the morning, in the interval between both breezes, for then 
it is commonly calm, and then people pant for breath, especially if it is late 
before the searbreez comes, but afterwards the breez allays the heat. However, 
in the evening again after the sea-breez is spent, it is very hot till the land-wind 
springs up, which is sometimes not till 12 a clock or after.” 

These several paragraphs suffice to show that over large areas of the torrid 
zone the sequence of weather changes is so simple and so regular, and one 
day is so much like its neighbors, that almost any day is a fair sample of its 
season ; and hence the average of the successive values of the weather elements, 
or climate, hardly differs from the observed values of individual occurrences, 
or weather. This will be even more apparent in the next chapter, when it is 
seen how much of what is here said might there be pertinently repeated. It 
is on the other hand to be expected that when closer attention is given to the 
individual weather features of the torrid zone, they may be found to be more 
complicated than they are here described. 

811. Weather of the temperate zones. The middle latitudes of the earth 
are characterized chiefly by an irregular combination of periodic or diurnal, 
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and unperiodio or cyclonic and onticyolonic weather ohangea. The quality of 
weather produced by this combination varies greatly in different seosoiiB of 
the year ; the periodic changes predominating, especially on land, during the 
higher temperatures of summer and in the dear air of anticyclones ; and the 
irregular changes being in control during tlie lower toinpuratureH of winter. 
The quality of weather varies also very greatly according to tlm situation of 
the observer in tlie zone. Out of the abundance of uxainplcH that may be 
found, space can be given only to a few of the more peculiar ones : the 
oceanic areas, especially of tlie southern temperate zone ; the land interiors 
and the western and eastern coasts of tlie northern temperate zone. 

818. The south temperate zone. The great temperate water zone of the 
southern hemisphere is almost as regular in its constant sucoession of unperiodio 
weather changes as the trade wind bolts are in their unchanging succession 
of constant fair-weather dtiys. East-bound vessels on tlic aouthern sous sail 
day after day before boisttn-ous winds, whose strength oftem risos to a galo, 
generally from some westerly (piaiijor, shifting between northerly and southerly 
points, but seldom blowing from the east. The temperature is iudnment ; its 
average diumd (diangcts are small, for on the ocean day and night arc light 
and dark, ratlicu* than warm and e.old ; but its irregular (diaiiges are pronounced 
though not sevens ; they follow th(^ shifts of the wind ratluu’ than the rising 
and sotting of tlu^ sun. Oloudy skies are ])nivaleut and rain or snow ofttm 
falls, but not in (>xc.(tssive amounts. In winter, the weatlun* cluuigcw are 
stronger, more frecpient and inor(» distinc’.tly cycloiiie ; they dilTtir inor<i in this 
way from the weather c.hangim of siinimcu* than in a strongly deenuised tein- 
poraturc. Tlu^ accounts alnnuly giv*m of cyclonhi winds exjdain tluit in the 
southern tciii]»erat(i zone, the northerly wiiuls bring niihhu* tcni peu*aturc, cloiuls 
and rain ; while tlm southerly winds follow with (toolor ami clearing wtuiiher. 
Little is known of siirgc.s hercs although it is probabh^ that they (XMiur. As 
in the tmde wind Indt of the torrid zone, so in the southern t<uni)erate ocean 
belt, a brief ])erio<l of observation will furnish u fair sample of w(xither for 
the season; hut luu'c Ui(>. wt'athcr periixl is n)Ughly two or three days, hoing 
the time recpiirc.d for the jMissag(' of a cyc.loiui and an aiitic^yc.loiui, instead 
of the ])aasiig('i of a day and a night. 

313. The north temperate zone. Tlu^ wc^atlun* over the hroiul ooeaiiu*. areas 
of the ucH'tli tnmp(trat(' zone is jiiiudi like that of the eniTespondiiig southm*n 
zoii(< in varying (thielly with the |)r(x*.(»Ksion of cyclones and aiiticye-lones by 
which its wind, t<mipcraLiin^ and sky are <x)iitrolled ; although in sumimn* the 
strength of these controls is much weakened. 

The groat ooiiiimmtal interiors of the north tem])erato zone, such as our 
vast MiHHisHii)|)i basin, an^ (?liarac.tc.rized by frequent spoils of regular diurnal 
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weather in ainxunerj after the fashion of the torrid zonoj yot ovou in this 
season cyolones have a considerable effect. In winter, tho diurual control 
weakens, especially when the ground is snow covered, and the (iycdonic^ ctontrol 
strengthens, so as to detemune nearly all the changes from (dour to ehnuly, 
from warmer to colder, from calm to windy, from wet to dry. Exiiiiiph'H 
of the weather in each season may now be given. 


814. Summer weather In the central United States. Tho wtiL'in HjxdlK 
of summer time occur during the gradual advance of a inodoratt^ oycdoiihi iiwa 
over the upper Mississippi valley. A light southerly wind — a warm wav(», 
or sirocco — prevaLLs on moderate gradients in front of tlio ccmtiU' of low 
pressure. There is at first a strong diurnal range of tempcratiiro, with a (|ui('.k 
warming in the morning (see Hg. 10a) and five or six hours of high tuni|)(u*atiirf * 
during the later half of the day. As the sky becomes more lia/.y or 
streaked with oirrus douds, the maximum temperature roachcH a higlito* and 
higher degree each day, and the nocturnal cooling diminislios ; tlLi\ air 1 )C(uhu(‘h 
sultry and oppressive with increasing humidity; the ground is pandn^d and 
the wind drifts douds of dust from all bare surfaces; v(3gotati(»u in stilU'd; 


men and beasts suffer greatly while at labor, and smistrokciH aro roporiod in 
increasing numbers from the crowded cities. Unless a rain liuH rocMUitly 
fallen, the sky may be nearly cloudless all this time ; but near tlic (udininalion 
of the warm wave, cumulus clouds may grow to tlie size of locjul thuiKhn* storms 


in the afternoon, trailing a refreshing rain beneath them ; yet the ttunperatiiri' 
rises again after their passage. Near the center of the oyolonicj ar(»a, there* arc* 
douds and rain; further south along the trough of low im^ssure, therc^ arc* 
extended thunder storms; and after these pass by, a welocmio shift turns the* 
wind to the west and northwest; the temperature falls ten or twenty degree's, 
the air becomes fresh and pleasant, and the sky brighteiiH to a (doaror, darkc>r 
blue. If the rainfall by which the hot spell was terminated c.oiucfH in 1.1 le 
afternoon or at night, as is often the case, there is active eva])orati()ii the. nc*xt 
morning under the drying northwest wind — the cool wave of suniimcr - and 
a slow rise of temperature to a moderate maximum late in the aftc^rnoon ; the 
morning sky is early flecked with growing cumuli, and by noon it may bcc 
overcast above a brisk wind ; but the night wiU be dear and again, and 
the next day win be less doudy as the ground dries. Then tins tc'inptu'aturc* 
increases day by day; and generally by the third day or sooner, fch(» winds 
weaken on the faint gradients of the anticydonic area which then pasHos by; 

f ^ f temperature strong, giving warm days 

^d pleasant nights. As soon as the pressure begins to fall on tho wc^Htc/rn 
side of the aiiti(3yclone, the wind swings around to southerly again, and 

^ .pdl i., a. whol, of ouol. . i„rio,i a.i;, Z, 

diraiul Choi*™ m portoea, applet, and for a part of ae timo lk„y aro 
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dominaat; but they fall to a moderate value about the time of highest 
temperature, when even the nights are oppressively warm. The character of 
each succeeding day manifestly depends largely on its ration to the con- 
trolling cyclonic or aaitioyclouio center, and the consequent behavior of the 
cydonie or anticyclonic winds. There ni^e of course many occasions when the 
areas of low and high i)ressure are poorly defined and their effects are weak ; 
and there are imuiy thiys, especially in sumiuer, when the distribution of 
pressure is indetinite, and it is not possible to locate any cyclonic or anti- 
cyclonic centers within the eastern part of onr country ; but by ftu' the greater 
number of days may bo characterized simply and accurately enough by refer- 
ring them to one or another part of the passing areas of low or high prosanre. 

816- Winter weather in the central United States. In winter, tlie cold 
wave is the emplmtio phenomenon. Beginning our record with a spell of 
clear, calm, cold weather, the ground being covered with snow, lot us notice 
when the wind turns to a southerly source, Hpringing u]) perhaps at night, and 
thus chocking the jioc.turnal fall of t(uu])eraturo. The next day tho tcmpeiu- 
ture rises raindly and a thaw sets in iiiidor warm sunshine ; but as the day 
passes tlie sky douds over, and l)y afternoon the sun is lost bidiind a dull kuik 
of matted cirro-stratus. Yet the Unn])e.rature coutiinios to ris(i even into tlie 
night 5 tho air is uiis(Misonal)ly warm ; our heavy (dotliea and ov(u*-heated houses 
are oppi*easiv(5 ; tlie thaw pr()g^‘ssl^s and is aided by a fall of wet snow which 
soon turns to rain. Tim inorniiig is still rainy and dark under low clouds 
with misty air and a foggy ground ; gradually the wind shifts to westerly; 
the rain (u*tus(^s, tln^ (donds brc'Jik in the west or northwest, their edge drifts 
obliquely eiistward, n»v(»aling a imn^ bine sky, the wind strengthens, and then 
even unden* bright sunshine tln^ tcmi|)(U'atiire Ix^gins to fall ; the freezing 
point is soon jiasscul, the luilf-nndtiMl snow is frozem agjiin into an ic.y sheet ; 
the night is (doudless, windy and liitter cold ; the cold continues through tho 
next day with hanlly any risc^ of i,enip<‘rature under strong sunshine. Then 
the wind falls away at sunset, as the antie.yelonie. anni eoim^s on, juid tho 
next morning onr neighbors r<‘port the most (extreme cold in the valleys and 
lowlands, and more modcu'ate ti»m])eratun^s on tlm hilltops — an anticyclonic 
inversion of tmuporature often amounting to twenty or thiriy degrees. 

An extraordinary instamui of w<uither changers of th<^ kind just dosoiibod 
was record(‘d in New England on Ohristmas Eve, 1SS(). The sky hiul been 
(doudy nnd(*r an une.omfortabh*. southerly wind that was flowing toward a 
cyclonic center on its way down tlu! St. Lawrene.e. '’Fho t(».mpcraturo liad risen 
almost continuously from the (wening of the 2.Sd. Duvijig the evening of the 
24t]i there was a h(»avy rainfall, and about midnight tlu) highest temperature 
of the month (rifi") was registered ; a timij)(»rature that sliould have been f(dt, 
according to diurnal and annual controls, a little after noon on the first day of 
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the montL Shortly after midnight, the T^ind quickly shifted to the w> 8 t 5 tiio 

temperature immedfately began to fall, and continued to fall ‘‘I™’”* 

all the next day under a dearing a^, thus ushering mas roiig - > • 

• Changes of this kind, more or less pronounced, are so ro-iud m tlu r hu«- 
cession that t^e seldom have more than a day or two of unifi)vm woatlior lu 
winter. However fair the morning, the sky may be half overcnet with <urruH 
streamers by noon 5 and after sunset rain or snow may bo faUuig. Uowcwu- 
low the douds at one hour, twdve hours later may see them all diapidlctl. 
The variety in the succession of weather elements is oiidlosH ; yet all tli*' 
variatioiis are on one theme. 


316. Weather of the frigid zones. During much of tlio yiwir in high 
latitudes, the diurnal control of weather is wanting. Koar tli<' 
when the sun rises and sinks a few degrees above and below the horizon, tlioro 
is a semblajice of the changes which we know so well ; but at other nojiKOiia 
of continued night or uninterrupted day, the weather varies only ih rough 
stormy and fah* spells, presumably the effect of passing cyclou(*.s and unti- 
oydones, as with us in the temperate zone. During tlio coiitiuiuul (hiylight, 
which Arctic travellers find extremely tiresome, the perioils of wc^uther chuiigt' 
are no better defined ths -Ti the hours of work and rest. Fair weather t».ont5nueH 
fair and bright until broken by a storm ; stormy weather coutinuos dull, snowy 
or wet until followed by clearing skies. In the long winter night, storms ol 
wind and snow are followed by spells of q^uiet air and more extnnin^ (M)hl ; 
but without more regular sequence than results from the irregular periods ol 
cyclonic passage. 


Weather Obsbbvatioh Ajn> Prediction. 

817, Weather observations. At the more important stations of tho 
national weather services, at some of the larger astronomical ohservatorii^s, 
and at certain private observatories, all the weather elements are carefully 
observed, frequently with self-recording instruments by means of which i\ full 
account of all changes is taken. At leas important stations of national wiMitlitu* 
services, at stations maintained by volunteer observers of state weather serv- 
ioea, or by independent private observers, records of temperature, wind, sky 
and precipitation are taken more or less completely once, twice, or tlirtMi times 
a day. In all these cases it generally happens that the method of rcdiKJtion 
of observations by averaging them in diurnal or monthly periods ohlitcrati^s 
to a greater or less degree the irregular changes of the weather, sitch as result 
from the passage of cyclones and anticyclones, and gives undue emphasis 
to the effects of diurnal and annual controls. The record and reduction of 
weather observations would therefore be improved by the introduction of a 
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method in which the oyolonio and anticyolonio weather elements shall be 
distinguished in accordance with a natural and simple olossifioation, and 
reduced in such a manner as shall indicate the prevalence of one kind of 
weather or another more distinctly than is now done in the customary averages 
and summaries. 

Por example, a curve of temperature, such as is mode by a thermograph, 
exhibits a general rise and fjill of cyclonic period, in addition to the more 
rapid rise and fall of diurnal period. If a pair of linos is drawn tangent to 
the curves of diurmd range, one above and the other below the temperature 
curve, the space between tln^m may bo (Milled the tem])oraturo bolt. A curve 
through the middle of this b(dt will represent tlio cyclonic range of tompera- 
ture. The range is stroiigcjr and of shorter period in winter than in summer ; 
its form is often unsymmetricMiI, showing a more rapid fall than rise. In 
winter, the diurnal range is siinill during tlio cyclonic fall ; and larger during 
tlie cyclonic rise. In suninmr, the diurnal range is least during the prevalence 
of cyclonic clouds. The form of the diurnal (nirv(^ is distinctly different during 
the prcvalcjice of diiTercmt winds. Tim fmtts hero referred to, and otliers of 
similarly irrogidar ])(irio(l, have much to do with dct(jrmining tlie oharooter 
of the weather tliat we suffer from or enjoy ; and they dosorve as careful 
recognition as others wlii(*,h art^ customarily (jonsidc^rod. 

318. Weather Bureau of the United States. Soon after the whirling and 
progressive motions of cyc.loiics w(tre rccognizcul and tluur (control over weather 
ohangoa was 2 »cnuuv(id, various ])roj(M*.ts were (h'.vised for the prediction of the 
uniKU'iodic wtuiilun’ change's. Tim (wscmtials of all those ])roi)ositionB were : — 
the ai)i)ointiu(‘nt of a numh(U’ of ohserven’s at scihu^ted stations ; the uniform 
observation of the wiMitlun* (dtmients at the same nioniunt of time once, twice, 
or three tiim^s a day at all the stations ; the t(degra])hie transmission of the 
observatiouH to a (umtral Ht.]ition ; tlii' ('.hartiiig of the data thus concentrated ; 
the fore(MiHtiiig of (umiing W('atlmr (Hianges for different districts by inforonoo 
from tlio charted weather ; and the distribution of the fore<Mista by telegraph 
to the ncwH 2 )ai)crs, or to nuimu'ous stjitioiis wher(i weather signals might be 
diajdayod for the inf(»rmation of the ])uhlie.. Himli a ])lan Wiis gnulually 2 >ut in 
02 )eration by L(»v('rrier in l<’raiie.e hetweem 181)5 and 18(58; in the N’othorlands 
ill 18(10 ; and in (Ireat Britain in 18(51. 

Tn this oouutiy, Vrofessor Olevi^hind Ahlsi, with the aid of tli(^ (jincinuati 
Cliaiiiber of ( ^■omim^re.c', «‘stjihlish(ul a wcuither service oii a snnill scale for the 
Ohio valley in 18(59. This wsis followed in 1870 by a mucli more oxtonsivo 
schnino, devtdopt'd by Ooneral TVlyer, Ohiiff Signal OiWmr of the Army, and 
ado^itod by Oongresa as a national s(^rvi(*.c. A coriis of weather observers 
was then ostjiblished all ov<‘r tin* country. Profemsnr Abbe was retained iia 
Bcioiitilio adviser at tlu^ control office in Washington, where ho was for some 
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time the only prediotiiig officer on duly. The Semoe wae greatly extended 
from year to year under Qeneral Myer, and after his death by liis HiiceoBSors^ 
Generals Hazen and Greely. On July 1891, the meteorologiojil division of 
the Signal Service was by order of Congress transferred from tlie Army to 
the Agricultural Department, under the title of the W^eathor linreau, and 
Professor hi. T7. Harrington was appointed as its chief. 

There were 24 observing stations in 1870 j in 1893 there are 18(), hewidoa 
several stations of the Canadian Weather Service from which daily r(^])oi‘tH 
are received. Observations were first taken and synoptic cluirtH prtJpared 
three times a day j but on January 1, 1889, two observations a day, at eight 
o'clock, morning and evening, were substituted. As at present d(welop(!d, 
after continued growth for over twenty years, the Weather Jlui'eau has a 
central office in Washington, with a staff of predicting ofltteers and a nunilxir 
of assistants for the discussion of its voluminous records. There nro Htiitions 
in all the larger cities, at which observations are mad© systeiiiaticially ou 


pressure, temperature, wind, humidity, sky, precipitation, eta These obsenwa- 
tions are corrected for instrumental errors, and the barometric rtnu lings iiro 
reduced to sea level (Sect. 107). The records are then translattid into iui 
abbreviated cipher and telegraphed promptly to Washing'toii ; tho niesHagOB 
having precedence over all others. They are generally all rcooivtul in tho 
Washington office within an hour of the time of observation. Tlio r.iplKtr 
is then translated back into tho original form, and tho data oro cliarti‘(l ou 


a number of maps. The predicting officer on duly for tlio tiiiio thou draws 
in the isobars, isotherms, lines of equal change of temperature, <‘.fcc., and at 
once proceeds to prepare a written statement of the probable condition of tho 
coming weather for different districts of the country. 

The difficulty of this work is very great. It must be done rapidly; an hour 
and a half or two hours from the time of observation must ordinarOy sidlhu^ 
for its conipletion. The weather for forty-five divisions of tli(» (louiitry inuHl; 
be determmed separately; and in every case the predictions imiHt ('.over a 
^finite number of hours; ordinarily twenty-four but sometiiueH thirty-six 
hours from the time of observation. Besides the general forecasts for 
publication m the newspapers, special predictions are often calhul for, such 
as warnmgs of frosts, river floods, cold waves, offshore winds, or c^xpec.tod 
dangerous storms. Several of these involve special instructions to stations 
^thm a cer^n district for the display or withdrawal of signal ilugs, in 
accor^nce with which vessels wiU delay their departure from varions ports, 

LSL. on tho 

of so great ttat in recent years the experiment litw l,omi tried 

nl^Sr 2^ a number of local forecast officials in the chief cities, to tho 

^^ot STOoS w? r telegraphic data suffleiont to 

oonstmot synoptio weather maps and prepare local forecasts for a neighboring 
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region. There does not, hol^ever, at present appear to be a groat iiicroaso in 
the aconracy of local predictions over those for tlio same period and district 
issued from the Washington office. 

Besides the regular observing stations of the Woatlior Bureau, thoro are 
numerous stations on the sea coast and tlie Great Liikes, wh(n*e warnings are 
given of approocliing storms. Weather flags and otlitn* sigiuds arcj displaytul 
by volunteer assistants of the Bureau at numerous jioiiits in all parts oE the 
country, for the benefit of fanners fuid others, lu iwlditiou to the reguhir 
paid ofilcialB of the Weather Bmitmii, thoro an^ Homo two thousimd voluutju’y 
observers in different jjaiiM of the c.oinitry, who report through the state 
weatlier services or direct by mail to WaKliingtoii onc(i a luoutli, and whoso 
records are enixdoyod with those from the regular stations iu the determination 
of climatic data. Voluntary observiu’s are fimiislKul with a pamphlet of 
instrnctions, and are iu some oiisos snp[)lie<l with iiistnimiuitH. At different 
times, special investigations have been undco'taken with the assisttinoe of 
voluntoiy observers ; thunder storms and tormwloes being the most gonorjilly 
interesting subjects studiinl in this way. 

The two daily wc^ather maps, iHsued from tlie ('.entral olllco iu WaHliington 
and from over Hev(^nty otlun* c.iliies in diffonnit jiarts of country, am 
supplied to ])ersouH who will i*x])()He thenn (^onvcniicmtly for ili(» iuformatiou of 
the puhlic. ; they are also smit in large innnbcn’s to seliools. The daily 
edition of these maps, outsidn of Washington, is ahont S,(M)(). A Monthly 
Weather Review is ])ublislied and distribiitc^d to all e()d|)eraiing olmcn'vors, 
giving a great body of information from regular and vcdiintary rejiorts ; with 
an iuujount of the storms, winds, tcnnpin'afcnn*, pr(Mdpitiiti<m, etc., of tln^ month, 
and with charts of eyelonicj trac'.ks, rainfall, l,empi»ratnr(‘, and so (»n. Wtuither 
crop IndletiiiH are issued ev(‘ry week during tlu^ growing season, giving 
information of inten^st to farlll(^^H. 

In lulditiou to the daily maps of the Weatlier Bureau, mention should he 
made of tlm Moutldy Pilot (Jluirts of th(^ North Atlantie. (huuiii, isHiied hy the 
Ilydrographio Olliee of the Navy I)i^|iari.ni<»nt at Wiishington ]»rimu.rily for 
distribution to masters of vessels; and containing a large amount of general- 
ized and eurnnit information eomuMMiiiig the winds, storms, iee, ('tc., oE the 
North Atlantie from month to month. All noLahle storms are earefiilly 
followed between North Am(n'ie.a and Europe by nuMiiis of repoiiis from 
vessels ; and in sev(n*al (‘ases espe.e.ial a(‘.(U)iinLs of tliem are issued as 
silpplenicmts to the. INlot Oharts. 

819. Weather maps. Of all the piiblicuitions of the Weather Bureau, the 
daily wc^atlun- maps are of tlie greate.st int(n*c*st to tlm student of metciorology, 
wh(*theT a lioginner or an julvaiUMid in v<iKti gator. 1 f the fimts (loiiimonly shown 
on those maps are not familiar from school years (earlier tluui those iu whieli 
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this book is employed, the following plan of stud^g them may be iuti*o(lucu<l; 
it beiog advisable that the study of the maps should prooeed us a course ui 
“laboratory work” parallel to the study of the text. 

The meaning of the conventional signs on the map should bo first loariiod.^ 
Practice in drawing isotherms and isobars of simple examples should bo uffonltid. 
Verbal descriptions of various weather elements should then bo uttomj)t(»(l, as : 
“the temperature is low in the northwest and high in the southeast,” or “a 
large cloud area covers the Ohio valley,” and so on; each oloiiumt iMuiig 
considered separately. By shading the areas of different teinporaturos or 



Pio. 106 . 


^ use. 

isobars respectively, lines of the mos<- ^ called isotlionuH mid 
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areas of low pressure. The rales at which the temperature and pressure decrease 
along their respective linos — the gradients of teiui)erature and pressure — 
shoidd be determined, and expressed numerically and verbally. The isobars 
and pressure gradients are drawn in Fig. lOG for 8 p.m., November 28, 1888, 
the date of a disastrous cyclone on the Atlaiituj coast (see Fig, 63). 

As the wind arrows ri^j)re8ont the mov(Uueiit of the air only at isolated 
points of observation in great atmospheric ourronts that swoop l)i*oadly over 
the country, miditioual wind lines should bo addod botwooii the arrows for the 
more gra])hi(*. illustration of the i)reHuiui!d facts, as in Figs. 63 and 64. The 
greater or less velocity of tho winds, indicated by figures near the arrows on 
tlie published iua])S, may be grajdiioally illustrated by heavier or lighter wind 
lines. The inflow and outflow of groat oddies of wind — cyclones and anti- 
cyclones — should bc^ discovered, and the prevailing wind velocities for each 
recognized; Outlines maps for chariujteristio weather typos should be prepared, 
like those givcm in Figs. 7-1 to 7G. 

After d(‘lil)eraiH» pnu^tice in (h^scribing tlio several W(»ather elements sepor 
rately, their corndaiion should Ixs considcirod. The most im])ortjuit correlation 
is that betwetm tlu» rate and direction of ])roBHUve docrcjise, or barometric 
gi'adient, and tin? v(»h)city and dire.(*.ti<)ii of the wind. The general deflection 
of the wind to the right of tin? griwlii^nts and tin? iiKirease of tho velocity on 
stronger graditmts will soon lx? p(?r(*.(MV(?(I. In more cav(?ful study, a numerical 
relation may be cstabliHlnxl lx»tw(?(?n tln*H(? iiairecl fiuibors. lly tracing the wind 
arrows from variou.s maps on a single sln?(»tor trans])arent i)a])er, whoso center 
is always phuxxl over tin? <u*nt.er of low or high pr(»HHure, with oin? side always 
turned to tin? north, a “ c*.<iinposit(? portrait” of a large? number of winds in 
their propt?r relatitm to tin* low or high ])n‘ssurt? (*,(?nt(?r may lx? obtjiinod, from 
which tln?ir inwanl <»r tnitwanl spiral ('.oursos will be? at oinx? porcoiv(?d. The 
distrilmtion of huiniclity, of clouds, and of rain or snow, and the imculiar 
warping of tin? isotherms with respe(?t to anxis of high and low pressure, 
are of wpial iniportanc*.e. Wln?n it is pere.eived that the winds flow oblicpioly 
Upwards a center of low prt'SHiin?, their es(iap(? upwards must ho iiift?iTod ; 
and the prevah?ue.e of eloiids and rainfall in siieh regions may then bo 
asHociat<*d with the juliabatie. cooling of tin? obli<[in?ly ascending currents. 
The opposite? relation will lx? iidVrr(*(l in anxis of high ])n?HSure. 

Aft(?r ]x?re.eiving the Hystc'niatie. e.orrelation of tin? various weather olem(?nts 
with tin? ce.nt(?rK of eye.lonie. ainl anti(?yeloni(? areas, tin? mov<?ment of tin? cent(?r 
of tlic?so ar(?aH may lx* trae(?d on tin? maps of Hne.e.(?ssivc? <latc*s; their paths may 
be gathered on a single map at tin? (?nd (d‘ a month, and t]n?ir av(?rage v(?lo(?ity 
and dinxd.ion d(?tenniiied. In iis iniieb as tin? aKS(x?iation of W(?athnr elc?nnMits 
with these high and low pressiin? (-.enters is rehitiv(?ly iinlejx?ml(?nt of tlndr 
position on the map, a typical diagram of tin? weather around a cyclone or 
anticyclone, with its winds, lem]x*ratur(? line's, clouds, and so on, may be 
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ptepaxea on a sheet of traoing paper on the same soole ^ 
moving this diagram across a map along an appropriate ti^k, tho HUccoHsion 
of weather changes experienced at any point on the map ^nmth it nmy Im 
simply iUnstrated. jMI the phenomena of veering and bnoking wiiuIh, of 
rising and falling temperature, and so on, may he thus mathi iw plain oh 


During this advance in the study of the weather maps, there should bo 
frequent local observations of the weather, and the foots thus iiotod should 
be compared with the larger collection of facts from many stations on tho 
corresponding weather maps. The correlation of local and general woathi^r will 
thus he deaidy perceived, the essential facts being discovereil grnxlually by tlu^ 
members of the class rather than taught by the teacher. Practice iii prc.tlietuai 
may then be introduced ; but this should not come too soon, for ri‘.ar that 
it might deteriorate into guess-work. It is not a little interesting tt> vt^mark 
how easily, rapidly and naturally a class of school children may; by imuiUH of 
the wonderful collection of facts simply presented on the woatluu* nuiijs, 
advance through a study which but a few score of years ago was ojicui only by 
laborious investigation to the most distinguished meteorologists of tlu^ wendd. 


S20. Methods of weather prediction. The essential priuoiphi cniiployo*! in 
the prediction of weather changes by means of weather maps (Ii^ixukIh on tluf 
general eastward movement of weather areas. If a center of low ])roMHU^^ 
is charted in Colorado, while an area of high pressure stands ovio* Wt^st 
Virginia, southerly winds and rising temperature will be predicted for the arra 
occupied by northerly winds or calms east of or within the area of high pniSHun* ; 
rains will be announced for the area about Missouri over whicdi (doiids are 
forming east of the cyclonic center j and clearing weather, westerly winds and 
falling temperature will be inferred for the cloudy and rainy n*.gi(»n of tih<^ 
cyclone itself. Supplementary to this main rule, there is a general tendeiiey 
to an increase in the intensity of storms as they approacU tlu^ Atlantic*, coast. 
Variations from the average direction or velocity of progross of woat]i(*r amis 
are seldom accurately foretold. When the distribution of j)ressiir(^ is eciuabhc 
and no distinct areas of high or low pressure are contained within the limits of 
the map, every predicting officer may have liis own method, more or loss 
consciously defined, of determining the most probable sequeiico of w(*atlic*r. 
At times of decided departure of any element from the normal, a rcd.iiru 
toward the normal is usually predicted, even if there is no v(!ry apiiaront 
reason for it : for this purpose, charts have been published by tin*. Wc^ailit*!* 
Bureau giving the normal values of certain weather elements for dilTc^roiit 
stations and for short intervals of time, such as periods of tem days. 

In reviewing this statement, and even while appreciating tlio great valuta 
of the predictions, one cannot avoid a certain feeling of cliaappoiiitmcmt that 
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all the labor that has been bestowed on the subject of weather prediction 
in this country during the last twenty years has not led to greater advances 
beyond the methods employed and the results gained at the outset of the 
undertaJdng. The number of stations has grown, and their equipment has 
been materially improved ; the accurjicy of various processes preparatory to 
cliarting has been increased ; a vast body of information lias been accumulated 
for study relative to the kinds and olumgos of weather ; various predicting 
officers have had extended practice in their ai*t ; and while the forecasts are 
truly made for longer periods tlian they wore at ftrst, and ore certainly 
superior in definiteness and acicuracy to those issued twenty years ago, their 
improvement is not so great as was hoped for. Mistakes in prediction are 
still made, and of miudi the siuue kind as at the beginning of the service ; it is 
still often impossible to jiredict the wc^ather ohaiiges for more than twenty- 
foiu’ hours in advance with a desirable degree of ocu’tainty. It must be con- 
cluded from this that the limit of aooiiracy of weather piudiction by present 
methods is i)riwtieally ri^ac.h(»d ; and that no considcu-ahln advance over the 
inherent diliicultios of the Hubjuc.t («ui be oxpoc.tod until some distinctly 
new method of observing, cluirting or fonuMisting is introduced. 

321. Distribution of predictions, (lii the other ham I, a (hjcidod advance 
lias been imulo in tlui distribution of the pnidic^tioiiH uml in their utilization 
by the i)c?oj)l(n Hesidcs a very gtnuu'al ])uhli(Kitioii of the rorcicasts in the daily 
IKipers, with an inc, reusing coinidetinuiss of statcnuciit year by year, there has 
boon a remarkable gr(»wt.h in the nuinher of daily weather maps distributed 
from many (unibn-s, and a gradual ami general ine,r(nisi^ in tlui niimlH^r of 
display stations of <lifT(n*c‘.nt kinds. A g(ni(?rati()ii of our i)(>pulati<in has grown 
up, uc(uistom(ul to look for and to use the fore-casts of the W(»athur l^iiroau. 
Apart from tlu^ value of the ^orc^easts to the gtnnu’al jnihlie,, to whom they are 
a iiuittor of f.onv(Miienc.e. ratlun* than a neei^ssity, iiiiuiim^ rabies exam[>leH of their 
more tecliui(*.al vulm^ miglit Ims cited. (Jojisting ami lishing V(»SHelH are infomed 
before leaving port if tliey are likely soon to meet a storm on tlieir ooiirsc.; or 
they are warncMl not to sail if dangerous winds arc. immediately (»xpoct(«l ; and 
this information is jiartieularly important to the Hiiialh^r craft engjiged in the 
local coasting tnwlc*. Wnu'.ks an^ ndieved by asHiHtaiie.o suiiiinoned by messages 
from the Cioast tch^graph stations. Disastiu’s on the Great Lakes have been 
materially diniinishe<l by warnings of coining storms. ]*roper care is given to 
variiiUH cro])s at c.ritieal times in tlieir growth or harvesting; although in this 
direction, the fanmu's of our (‘.ountry hav(^ yet iniudi to learn. 

822. Weather and storm signals. Tlie lUigs now employed for indicating 
the ])redicte(l weatimr \in\ as follows : — a square white flag for fair weather ; 
a square blm^ flag for rain or snow, no distiuctioii lieing made as to amoimt ; 
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a tnangolar black flag for temperature, indicating varmor troathur, if displaytul 
above the 'white or bine flag; colder weather, if below. Thu uluuiguH (»i‘ 
temperature thus indicated are always to be understood us bciiiig iiidu]i(uul(!iit 
of diurnal changes; and. hence show an expected riso or lull uoiupurod to 


corresponding hours on the preceding day. A s(|unre wliito flag with a urjuans 
black center indicates the coming of a cold wave. This is not (liniilayiMl 
unless it is expected that the temperature will fall siiddonly and do<u<l(Mlly 
to below 42®, and generally to a much lower tomporutuvo; twenty-four 
hours or more notice is generally given of this change. Similar signalH aro 
displayed on either side of the baggage oar on railroad trains in soiuo jinrtsi 
of the country; steam whistles are also employed, a system of hmg aiul short 
blasts sufficing to express the predicted changes. 


Storm signals displayed at ocean and lake ports oro os follows: 'I’lio 

ca,utiona;^ signal, displayed only on the Great Lakes, is a sciimro rod ling 
with white center; this indicates the approach of -winds not so sovoro hut, 
^t sea-worthy vessels can meet them -without danger. Tlio storm signal, 
indicating severe winds, is a square red flag with a bluttk cuntor. A white' 
or red pennant, displayed with the cautionary or storm signal, indhtatos tho 
dmection of tho expected winds a red pennant above tho square ilug is lor 
northeasterly winds ; below, for southeasterly winds ; a white iionnunt uliovo 
the square flag is for northwesterly winds; below, for south w(Wtorly. q'Ju» 
Md pennant alone indicates that the local observer has received inforniation 
W the central office at Washington concerning a atf)rm that may nrovo 
^gerous to departing vessels. At night a red light indicates ejisterly wi.i.Is ; 
a white light above a red indicates westerly winds. 

b, quoted in iUn«™tion of flio .mu.uor In n-I.W, 
obMgte havo boon heraldod by prodloBous mid ,,, 

aa™- dl poteibls prepmatioii to be mede for toeii rnmia. Thus n ,s,l,l 
ene, » pej^eed wbile yet in ite e»lier etegee u, » , JL,|, Ita, s d 

e^cr r''™"'"'" 

plains, railroad employees in charge of cattle taiMblJ””™ 

packers in the central states, simpers !f pSishab^ 

waiting to gather their winter crops on thr^o^it^ lompanics 

orange growers in Florida, all prepare for thn w ™ 

todenble tbeittigOenoo b. entonpetia, o/lS^tStn^ee'Xrton^Ty 
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oyeiheated oliimneys^ and so diffioult to extinguish when a gale fans the 
flames and water freezes on the walls. 

In a similar manner, the arrival of a tropical hurrioaue at Cuba is announced 
by submarine telegraidi, and its deliberate but destructive advance along our 
southern Atlmitic const is duly i)ubli8lied. The late frosts of spring and the 
early frosts of fall ore foretold to fruit farmers ; cotton planters in the south 
look for waa’iiingH of wot or diunp weatlior. The news of the ending of a hot 
wave in summer by a tuni to westerly winds, or of the end of a drought by 
the advajioe of rain storms, is watched for by thousands or even by hundreds 
of thousands in city and country. • The more intelligent the poi)ulation, the 
greater is the use mode of weather forecjists. 

Unhappily, storms and frosts cannot always be oori'eotly foretold} and 
the changes tlint are aiinouiiood do not always conic to pass. Exceptional 
atmospheric movements cannot bo predicted by the methods now employed.. 

323. State weather services. Although the records of state weather serv-* 
ices are useful cliiefly in climatic studic^s, yet their i^rosent close association 
witli tlie national Weather Ihireau suggests their de8ori])ti()n at this place. 
Half a century jigo, systematic, observations were undortakou by unpaid 
observers in New York and J^ciiiisylvaiiia ; but tliese were diseoii tinned after 
a few years. The earli(‘Ht stiit<^ service in recemt ytuirs was established by 
rrofessor Ilinri<tlis in Iowa in At first negleet(«l by tlKuiatioiial service, 

the state servic-es latc^r greatly (^xtemh^d by its ai(l,uu(l Hiue(» the transfer 
of the Jhireau to the Agric.iiltunil Department, tliey have l)eon ('.arried into 
all tlu^ states ami t(*rritori(‘H. In some eases they are supi)()rt(ul by smnll 
aiuiiH of money annually grantiul by tlie loc.al legislatures ; tlu^y are then well 
equipped witli uniform and acuairate instrunumts, and tlunr rec.ords are fully 
publishe<l ; but the work of tli(» observers is always gratuitous. Jn other cases 
no stiite support lias Ixmui grantixl, and the ohservations are less systematically 
(Uirried on. In all cases, a meinlmr of tlie national service is detailed to 
supervise the work of the local voluntixn' observers ; sonu'. form of ])ublioation 
is maintained, and the digi'sted nwults of <'V(n*y month are early forwarded to 
Wiishiiigiion for use in tho pniparation of the climatic tallies and charts in the 
monthly WeatluM* lleview. 1'he observations rc(|uir(xl are all of the siiniilost 
(diameter, being limited as a rub^ to temiieratnre and prcciiiitatiou ; winds 
and clouds are sometiiiies iiichided. Ocaiisionally, studies of subjects a little 
aside from tlni usual routines of weather observations liavo beou attempted, 
and it is extrimiely d(‘Hirahl(» that smdi investigations sliould be extended. 
Even where tlu^ most work of tliis kind lias been done, there is a wide hold 
open for lU'W or l)(»ttcr work. 

It is V(*.ry important that the' observers in tho state services who are willing 
to give their time' pers(‘veriiigly and regularly to tlie loug task of determining 
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local dimatio data^ should be equipped witli good inatrumonta, and not waato 
their efforts in making records whose accuracy is not proportionato to the 
core bestowed on them. The moderate cost of good instrunieiita in tho bcigi li- 
ning should be somehow met; otherwise it is hardly wortli while to 
the task. Once well begun, it should be persevered in ; for t.lio valium of hutal 
records increases greatly as their uninterrupted duration is prolong(ul. Wluni- 
ever possible, an analytical account of local weather changes, a (tomparisou 
of local events with the general phenomena of the weatlior maps, and a 
■carefnl discussion of tho results should be attempted, even if only for ]»rivai<‘ 
information, somewhat as indicated in Section 317. 


324. Private meteorological observatorlee. In a few iiistanocs, piivatt^ 
observatories have been established for the study of meteorology. Tim most 
noted of these in this country is the Blue Hill Observatory, c^Htablisliod near 
Boston by Mr. A- L. Eotch in 1885. A few years after its foundation, it was 
associated with the Astronomical Observatory of Harvard Gidlcgc^, in wlios(* 
records are elaborately published. Hotable among thoHi» is a sorii^s 
of cloud measurements, the moat extensive yet undertaken in this (uiuntry, 
Bigs. 66, 66, 68, 69 have been prepared from these records liy tlio oliscu'vc*!’, 
Mr. H. H. Clayton. The establishment of similar observatorios in othtn* ])arlH 
of the country would do much for the advance of the scionoo. 


326. Foreign weather services. Since the ostablishni<nit of tho iirst 
weather service by Leverrier in France, similar services havc^ biUMi orgsinizi^d 
by nearly all the civilized nations of the world. The folltiwiiig (lountriijs 
publmh weather maps and issue forecasts : _ Great Britain, FraiKus (h^riminy, 
Belgium, AustriarHungaiy, Switzerland, Italy, Eussia, Spain, IJriiiHli Iiolhi, 
Australia, and New Zealand. Canada and Capo Colony issiio f()ivc.!iHtH, 
u do not publish maps. The following countries maintain a Hystenn of 
observations, ^d issue certain reports, but do not prepare daily majiH or issue 

Benmark, Ketlierlands, PortuK.il, Itnum.ini.i, 

Mexico, Brazil, Argentine Eepublic, Chili, China, au.l («irtain Hiiialli'r 
countries. 

feat^M^frt l“gely in the torrid zone, tho 

featores of the weather maps of different countries are astonishinKly uniform 

in general features, which differ for the most part in intousity ami in 

of weather changes by these tlrirtiiig contors 

storms to tL ™ 
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Daily weather maps for the ITortli Atlantio Ooean, already referred to iu 
Section 232, have been imblislied for the year beginning Auguet, 1882, by the 
British meteorological council ; and for subsefiuent years jointly by the Goriiuui 
and Danish weather services. An International Bulletin was published for a 
number of years by our national Weather Sorvicc^, including weather maps for 
the entire northern hemisphere. The data for this extensive undertaking wcmi 
secured from the weather Hervices of various countries, from numerous naval 
and mercantile vessels, and from certain othc^r obsorvors. The chart of 
oixoumpolar storm tracks, Fig. 97, was prepared by Loomis from tho luaps 
in these Bulletins. 

326. Weather proverbs and weather lore. There is a great number of 
popular sayings conci»ruiiig tluj weather ; some Iwiiig of value, others deserving 
only to be classed with the suimrstitions of the middle ages comicriiiug (iomots 
and shooting stars. A few of those may be considerod. In our latitudes, a 
fine day is often (tailed a w(tatlier breeder, and is said to 1 h) too good to lost ; 
thus recognizing tho geimrally rapid succt^Hsion of bivd weather aftt*.r good. In 
tlie Bonio way, it is sometimes proiiounctul to Ikj too ciold to snow during cloudy 
weather in wintetr ; the (told resultiiiig from a ])rctcediug anti(ty(donic (Milin not 
aufiicing to ]>ro(lu(te snow \intil a southerly wind springs uj) iu front of tho 
next cyeloue and raises tint temp(u*ature. The iiKtrttaso of humidity in tin* 
cooling soutlutrly winds in front of a (tyclone giv(JS ris(i to many prognoslhis. 
Elieuinati(t pains incr(taH(t ; housits with stone walls, hning in sumnmr somewhat 
cooler than tlut oulutr air, Ixutoiiio extroimdy damp, tlm walls (tvctii dripping Witt, 
when the air Ix^tonuts sultry lutfore a rain ; smoke falls beforo a storm, not 
because tlst air is then light(*.r from (hutnuisit of ]>ressur(>i, but iMtcausit tint 
condensation of vapor on tlut Hin()k(t |)arti(tl(tH weighs tlntm down. Dowfornuxl 
plentifully afUtr a fair day and soon (liHB()lv(t(l tlu» next morning iiulicaikts 
strong range of tcuiiperaiure under the el(Mir sky of an anticy(tl()ne ; and Inmee 
may h" talutn to f<»ret(tll a day or two of fair w(tatli(U’, f()llow(t(l by a <iy(doui(t 
aros. 

Tho pr()V(n-bs nOating to tlui winds are very nunnu’ous. The immodiate 

unpan i men ts of t]u\ winds are cxpHisscd wluui W(j say a soutlierly wind 
brings rainj a nortliwcsb wind brings coohjr or ((older W((ath((r j this Ixung 
dependent on their position in (jyelonm areas. Of {(()iirH(S tlusse rules have to 
bo revorscul in the southern lieniiH])her((. In Scotland it is said the northwest 
wind is a genthunan and goes to Ixxl nuxiniiig that the nights are calm after 
northwest wind hy day ; tliis follows naturally from tlie diurnal variation of 
velo(dty in th(( (dear W((ath(n' of such a wind. The changeablonoss of weather 
in tho tomp((rate zone is ((xpr(^HS(xl by tli(( sailor^H saying : "a norVestcr is not 
long in debt to a soii’w((Ht((r the two being sejiarated only by the anticyolonio 
area or ri(lg(( of high iiressuro. Tho ])rcvalent ])ath of our cyclones is north of 
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the regions of greater population both in Amerioa and. Europe 5 lionoo tlio 
usual sequence of the winds in clearing weather is from tlio uouthouHt tliroiigli 
the south to the west ^ and thifl is called veering with the aiui. If on rcnudiiiig 
the west the wind backs through the south towards the east, another oycdoiu^ 
is coming with its spell of bad w'eather. Hence the saying : when tlu^ wind 
veers against the sun, trust it not, for back it will run.” This saying is Homo- 
times applied to the case of storms that clear by the backing of the wind from 
an easterly quarter through the north to the northwest, as hai)poiiH when tln^ 
storm passes south of the observer : “ Back it will run ” is then takcui to niean 
that another storm is coming j but here the saying does not ai)p(^ar to luivo 
good justification, for it is plain that if two equally oominitoiit olwc^rverH, om^ 
on the right’ and the other on the left side of a, cyclonic path, should (uujdoy 
this rule to guide their forecasts, they would be in continual coiitrmIi<*.tioii. 
In northern Canada, the backing of the winds through tho north niust bo 
ordinary occurrence. It may be, however, when a storm ptisHOH us to th(» 
south, having come along the coast from the Ghilf of Mexico, and thus giving 
backing winds as its douds clear away, that another cyoloiio from tluj north- 
west may soon follow, and thus give some countenance to the saying. 

Prognostics from fog and clouds are of much value. Tho formation of fog 


in valleys at night, and its dissipation early the next morning indic4it(^H fair 
weather for a time ; for this implies clear anticyolonio air, with a(d.ivn ratlia- 
tion at night and warm sunshine by day. In the same way, tlui dissoluLion of 
cumulus clouds about sunset, only their upper parts remaining for a time an 
thin alto-cumulus layers, implies a diurnal control of the weather, and lieinu^ a 
fine morrow, under anticyolonio pressures. Cirrus clouds generally imlicyiit^ 
the approach of bad weather. Mare's tails and mackerel fleah?H make lofl.y 
ships carry low sails these thin clouds being the elovuted overllow of an 


approaching cyclone. At the same time, the sun and moon are paled by the 
cirrus veil ; they are frequently surrounded by halos formed by n^frmdion in 
the ice crystals of such clouds ; the course of the high cloud Htroaks is oft(*n 
strongly different from that of the surface wind and all tliene nigiiH fowjbode 
a change towards foul weather. As the douds gather in low(‘r Iv.vvh, the 
light reflated at night from iron furnaces and from tho electric lighi;s of 
modem cities, is seen with increased brightness, and indicates the Hpeody 
abroach of rain. As the storm clouds pass by, a break in the (doudy nhmt 
shoYnng enough clear blue sky “to make a Scotchman's jacket,” or 
man’s breeches,” as it is variously expressed, shows the coming of fair W(‘aLlier: 
or while breaks may often occur in one cloud layer or another within tho 
stormy ^a, it is very seldom that clear blue sky can be seen through Hiieli 
spaces ; but in the rear of the storm, when the lower clouds are gone, and tho 
kgh cii^tratuB Sheet remdns projecting backward from tho storm eeiiter, 
but drifting along with it, a break discloses the bright blue sky above. 



'VVEATHEE. 


831 


The colors of the sky may be often used os prognostics. A door, fresh 
blue shows the approach or presence of an autieyolonic oreo^ while a palci sky 
forebodes an approaching cyclone, even before its cirrus streamers ap 2 )car. 
Halos are commonly formed around the sim or moon in the thin cirro-stratus 
clouds before a cyclone. A glaring, hazy sky often comes with Houtluirly 
winds and increasingly hot weather in summer ; little dow is tlicn formed at 
night, 08 radiation is olieckcd ; frosts need not bo expected at such times. A 
clear stretch of sunset rod close along the horizon, surmountod by yellows, 
indicates fair weatlxer tlie next day ; and csixccially so if the rosy sognnnit is 
well displayed above the horizon colors ; hut a lurid western sky at sunset, 
with colors spread above the horizon on thin eirms clouds, indicates a (*^)nLing 
storm 5 and if the sunset be dull and “dirty, with clearer sky in the east, tlio 
storm is nearer. Rainbows in the ojist and houco in the afternoon, foretell 
clearing weather; those bows being generally formed on the rain of retreating 
thunder showers (S(mt. 290) ; hut if soon in the west and therefore in tlio 
morning, rain is Jip])r()ac,liiiig. This of eourso applies only in thoso latitudes 
where thunder storms move from west to east, 

A variety of sayings ndate to the behavior of wild and domesti<i atiinials. 
Some of these depemd simply on tlieir bcdiavinr as affected by the (nniditinn of 
the weather at the nionn'iit, and such may lx* frequently r(di(ul on ; iKWists and 
birds as wcdl as man being disturbed 2 )aii:ieularly by (diangos from dry to 
diunp air; but tlien^ is no proved value in the sayings which attmnpt to for(»- 
tell tlio chariu'.tei* of tlu^ ('.omiiig sejison by the siqiposod iiistinctivo fonwight of 
such animals as Ixiars, heavers, inohw and Hquirrels, in the pr(q)aration for 
severe winters or long drouglits. Aetual iiivestigatiou lias shown that theso 
dumb animals have no siie.h fonmight as is popularly attribntixl to tiuun. 

No evcdeiieo should attsudied to the inmimomblo sayings regarding the 
oharnetor of ec^rbuii stsasons its (letc?rniin(xl by the weather on lieHain dat<»H of 
the wilondar; a eareful and extmided aecxnmt over a nuinlxir of ycsirs would 
undoubtedly sliow as iiiaiiy failun^s as suectessoH in siudi ]n*edietionH ; tliat is, 
tlio reinitation of sueh wt^aMier provi^rlm conum only from “eountiiig tlnY 
hits and forgi^tting the misses/’ as is so eommou in eareless gmieralizatious.. 
The same eomiiuuit luiiy he made ri^gardiiig the days of the we<»k in whiedi th(» 
pliascs of the nnxni eliangc^ and the aUitiuht of the new moon in the sky. It is 
nuLnifost tliat tlu^ tilting of tlie horns of the new moon, for c^xaiiqilct, will 
bn the same for all oliserviu's on a given latitude cirede; and that for a givcui 
number of days an.(»r new iiuxm, these ohsc^rverH will havii a gnxit variety 
of weather; yi^t this lunar iirognostic would give tlunn all tlio same. 

Nothing hut a eontiiuuul statistie-al study of ]>rognosties, and a strie.t eom- 
parison of forecasts with fa<d.s, will Huflico to demonstrate tludr value ; yet no 
such comparison has been iiiiule ]>y the greater number of jxTSons who e.redu- 
loualy give faith to oft-rcqxuitcMl sayings, Ixilieviug tliat there must be sonu*- 
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thing in them, beoanse they are often said. They should 1 h) regiinlod iis 
survivals of superstitious folk-lore, rather than os weather-wisi^ sayingH. 

827, Weather cycles. Many efforts have been made in tliis ('.ouiitry and 
abroad to discover a periodic recurrence of weather changes oi: longtu* ainl luoro 
regular intervals than those between successive cyclonic oinitcrH. A wciokly 
recurrence , of similar conditions has long been known in a pfcnioral way, but 
the conditions which determine its duration and its variatioiiH from |HTr(*i't 
periodicity have not been discovered and it has seldom boon iiiado ])ru(*.tioally 
useful. It appears to depend on a double cyclonic period. Tlio (U)iitrol of thi* 
weather by the moon has long been a favorite idea, but it has not boon fouiul 
to bear the test of accurate comparisons of weather and lunar i>1iaHOH, (^xot^pl: in 
averyiaint and imperfect manner. Whatever slight excess of oiuj W(*atln‘r 
element or another there may be at certain times of the lunation, tlu^y litivo 
no sufficient value for use in weather prediction. Thunder Htf)nuH in Kuropt* 
have been found slightly more frequent at the time of new moon and iirsk 
quarter; but not to a sufficient degree to warrant the use of tlioHt^ pcxirly 
marked cycles in forecasting. A period corresponding to tliat of tln^ Hun's 
rotation, or 26.7 days, has been found to accord with a faint varhiLion in t.lir 
intensity of various weather elements ; and it is argued that tliis in(li<faic»n ini 
effect on the atmosphere produced by solar magnetism as well uh by Holitr lioai. 
Besides these periods of an astronomical nature, there are othern of aiiparcuiLlv 
arbitrary duration, probably corresponding to the period of tlio HiirgcH jilro;uly 
referred to (Sect. 106). These have not been sufficiently studi(ul ko know bow 
far they may be useful, or to determine their cause; but tlioy app(xir t.o l»o 
deserving of study. 

The control of the weather by the moon or the planets still <)c.(«iHi()iiiill.v 
finds enongh believers to support the publication of olaborab^ loiig.niiig<» 
weather predictions. As these are couched in general langnnffo and iiitendiHl 
to be applioable to large areas of the country, it ie not at all dillic.iilt kt gal-liiT 
a nnmW of verifications for them; but they are no better thuai tln^ forgdl-kiu 
predictions of astrology of centuries ago. 
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CHAPTER XIV. 

OLIMATH. 

328. Climate. Tbo average values of tlie atmosplierio oonclitioiis of a 
region oonstifnite its climate. Tlio most important olimatic elements are first; 
temperature; second, various forms of luoisture, as vapor, cloudiness, and 
precipitation ; third, wind, including storms. Tlio pressure of the atmosidiere 
is not a climatic element, and needs to bo considored in this chapter only in its 
association with the divisions of the wind system. 

Wliile annual averages were first consideml in the definition of clinoate, 
more and moro impoi*taiico has come to attached to the average of seasonal 
values; and to sucli H])e(nal (piantities as the average highest or lowest 
temptirature or rainiall of a Hl^^lRon or a moiitli. Even tlio exti’ome values are 
often included in climatiii t^ibb's, in order to present as fully os ^^OBsible the 
meteorological features of a distric.t; but in so d{)mg, wo api^roach the consid- 
eration of its weatlun*. A Tull (dimatic ac.count of a locality should include: 
for temperatnni — tlu‘ monthly and anmuil means, the mean diunial range 
for the stmu-al months, the iikmiii and th(» absolute oxfcitune.s for the year tuid 
the months, the iiumiu diunial variability (the nu^aii of the differences between 
the suecossivcb daily imMins), the avi»ragi^ datc»s of latest and earliest frost, the 
average number of days witliout. frost ; tlic avc^rage duration and value of 
cyclonic ranges of imnpcu'atiin^ in tlu^ several months (Meet. 817); the moan 
intensity of sunsliinc in el(*ar weatiier of the diiTeront months ; the moan 
tinn])cratiirc of the soil at Hue.e.esHive depths down to five or six foot: for 
moisture — tlie monthly nu^aii absolut(j and ndative linmidity, the mean 
monthly evaporation from a water surfa(?(‘; the jikmui eloudinuss and moan 
duration of sunsliine in tluf several months; tlui iiuuui numtlily luid annual 
rainfall, with mlditional data for nndtnd snow in the winter montlis ; the mean 
uinnlKU* of rainy and snowy days in (ivm*y month, the mean freejuoncy of rain- 
fall in eviuy month (niiinb(*r of rainy days divided by the total munber of 
days), tlu^ av(‘rage. dates of latest anil earliest snowfall, the average dejith 
of snow on tlu^ ground at the <‘nd of eve.ry month ; if possible, the jiroportion 
of rainfall rc^e.eived from general eye.loiiie storms and from local thunder 
storms ill the siweral mouths, and the mean diurnal variation of rainfall for 
the dilTerent months ; tlie mean number of days with thunder storms and with 
hail in tlio several montlis: for winds — the freqiieney of different diroctious 
for the scviwal months, with the e.orrespoii(ling moan velocities, and indication 
of the freipimiey of e.alms and of exeeiitionally strong winds; the mcjan 
diurnal variation in <lir(‘.e.tion and velocity for several months. 
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In a region like the eaatem United States, the means of dimatio elements 
in oorresponding months of successive years vary so greatly that a oonsider- 
ahle number of years is required to determine their true values. Hence the 
importance of maintaining ■weather records continuously under conditions as 
nearly cons'tant as possible, in order to outlast the mduence of dry or wot, 
warm or cold periods. As has already been said, it is hardly worth while to 
begin such records unless there is a fair probability of their continuance, and 
unless good instruments can be secured and properly exposed. 

829. yntiftn and subdi'Tlslons. As it is impossible to describe the 

Alima-tA of every looalily in the world, even if it were known, it is customary 
to Ainjia together certain large areas over which the dimatio conditions are 
Bimilar. The earliest attempt of this kind, originating with the Greeks, 
AATiai/lnrA/l only the divisions of the earth as theoretically determined by the 
geometrical distribution of sunshine ; yet this suffices so well for the puriwsos 
of elementary description that it is still followed in the usual accounts of tlie 
tAPiHil, temperate, and frigid zones, whose definition by latitude cirdes has 
BJxeady been giveii in Chapter 111. 

An inspection of the isothermal Charts I, II, and IH, sni&ces to show that 
the regular boundaries of the zones are divergent from the undulating lines of 
e(ju^ temperature ; and hence some authors propose to limit the zones by 
certain selected isotherms. This plan has much to recommend it, but it is 
unsatisfactory in giving undue prominence to temperature nlone, and negloctiiig 
Bufflcient consideration of other climatic factors. It is therefore here proposed 
to consider climatic belts as limited by the wind systems rather than by the 
isotherms or the parallels, and thus secure a closer accordance with natural 
atmospheric areas. The limits thus deteimined do not differ seriously from the 
lines of latitude ; they are necessarily somewhat indefinite, but in this they 
accord with the gradations of nature, where sharp dividing lines are not drawn. 

There would thus be recognized a torrid zone, extending somewhat beyond 
the tropical circles to the margins of the trade wind belts ; through the middle 
of this zone runs the equatori^ belt ; on either margin lie disconnected sub- 
tropical areas. The temperate zones then follow over the latitudes controlled 
by the prevailingly westerly winds. They are somewhat narrowed from the 
breadth they would have when defined by the tropical circles; they merge into 
the frigid zones, from which the polar circles may serve to separate them. 
The temperate zone is not well named, as its actual variations of temperature 
are very strong over large areas. 

From what has preceded in earlier chapters, it is manifest that the zones 
are by no means of uniform character over their entire area. The north 
temperate zone in particular includes areas so diverse cHmatioaUy that no 
simple description can be given of them aU. A subdivision of the zones 
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aocording to land and water areas is therefore required ; and these must again 
be subdivided into interiors, western coasts and eastern coasts. Finally, in 
•each zone, the striking differences determined by altitude above sea level will 
deserve consideration under a heading of mountain and plateau climate. If 
this subdivision be regarded as too complex, a return may be made to the 
simpler division by latitude circles ; but it should be remembered that effort 
should bo mode to recognize and chissify natural features, rather tlian to force 
natural features into on arbitrary classilication. In all cases, the general 
characteristics of each zone and of its subdivisions should be considered, rather 
than their limits, which ai’o necessarily belts instead of lines. 

330. The torrid zone. The margins of the torrid zone, os ordinarily 
defined, lie in latitude 23^® on either side of the equator. When defined by 
isothenns, they are generally placed on the linos of 68® or 70®, whose course 
may be traced on the cliort for the year, widening on the continents and 
narrowing eastward across the oceans ; corresponding nearly with the polar 
limit of i)alms. When defined by the polar margin of the trades, the zone 
lies between latitudes 30® and 3fi® north and south, widening somewhat on 
the eastern side of the oceans. The area of the zone according to the latter 
limits greatly exceeds that of the former. 

The chief features of the torrid zone according to all those definitions is a 
prevailingly high tiunporaturo. The 8j)ecial filature of the first definition is 
the small variation of insolation during the year; according to the second, 
the pr<ivailingly high moon annual tcunperaturo ; a(*.cording to blie third, a 
comparative c.onstiin(‘.y of weather through the year, in which tlie simplicity 
of tlie climatic, ^eaturt^s is apparent. Koch tropical circle crosses the broad 
trade wind Ix^lfcs, and thus separates thciso arenas of extraordinarily uniform 
features into two jiaiiis : it therefore sexuus advisable to abandon these limits 
and to widen the torrid zoim until it shall iindudo the whole Iwlt of steady 
winds iuid sinqde c.limate. The isothermal limits of the torrid zone narrow 
it on tlio eostiu’n side of the oc.eana, wlmni the imtion of the winds tends to 
maintain a constancy of sojisdus, and bromleii it on the wostom side of the 
oceans, whorii a greatt^r variation of weather and a oorreBi)Oudingly increased 
complexity of c.liniat(^ is C4ius(»l hy the extension of continental conditions 
over a mariiui ar(«i ; it tln^rcforo again seeins better to iwlopt another division 
whereby tlu^ ecjuahhi and mild climates of the eastern ocean margins even to 
latitude 35° may he {issociatcul with thi^ grcuit uniform torrid zone, and by 
which the more* variable eastern eojists of China and the United States may 
be associated with the variable north temperate zone. 

331. The oceans of the torrid zone need little additional description after 
what has been said of their several climatio features in the chapters on tern- 
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perature, winds and rainfall; and on the suooession of phenomena in tlio 
chapter on weather. The temperatures never reach extremes, iinless in the lee 
of a large land area, as to the west of Africa, where the winds soinetimoH carry 
hot desert air in summer or cool desert air in winter over the sea. Wore it 
not for the excessive humidity by which the discomfort of tlio equatorial l)olt 
is produced, the ocean area of the torrid zone would deserve the name c^f 
temperate better than the northern zone to which it is commonly applied. 
Its winds are of unequalled steadiness ; their interruption by cyclones being 
altogether exceptional. Along its equatorial portion, the mean animal tcmpciwir 
ture is moderately increased, cloudiness and rainfall are decidedly incronsed, 
and the winds are weakened. 


832. The lands of the torrid zone. The torrid lowlands, outside of the 
sub-equatorial belts, are in great part desert areas, or but scantily clotliod with 
vegetation; not because of unfit temperatures or barren soil, but bccauso of 
deficient rainfall. The Sahara in one hemisphere and central Australia in 
the other give the most extensive examples of the trade wind dessert. On the 
western coasts, the deserts come directly to the sea shore. It is within tlicH« 
arid areas that the extremely high temperatures of the globe arc rc])ortn(l. 
With a mean anm^ temperature about 80, the mean of the mid-suiuiimr iiunitli 
rises above 90®, with extreme temperatures of 110® or 120®. In the luid-wiutcr 
month, the temperature averages about 70®, with minima seldom oh low as 
OT®. ^e winds are specially steady during the latter season ; their (wnstaucy 
teing interrupted chiefly by their regular nocturnal cessation, at oiic.e a striking 
feature of both weather and climate in tolrrid deserts. The excu^ssivt^ daini)- 

ness of the equatorial doldrums is here replaced by an excessive dustiness 
of the aip. 

The mny equatorial belt on land detei’mines the extonaioii of lh« in'oat 
eqmtonal forests of middle Africa and of the Amazon. Hero tlio heat of tlio 

^ deserts some distiuino from tlio 
of life ^bioli we oommonly associate with too 

S r f°f ^ox'ld, the bromlth of tlm 

lamy belt on ^ds is increased over its narrower limits on tho ocoau, and 

raiSS t^adjoinmg trade wind deserts is encroached nium. Ah the 

denae jungles of the equator give way to more open forests - and tlioH., i» 
turn to a repon of scattered trees with intervening grassy spaces • fui-tlior on 
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the normal trade wind holds sway, with little precipitation except in the more 
northern part of the peninsula; a hot season, when the northward march 
of the sun raises the temperature to on excessive decree ; a wet soosou, when 
the winds weaken and change, and the moist soutlierly monsoon blows from 
the sea over the land with lieavy clouds and ruin. This is like the Baliaiim 
climate, with the addition of tlie equatorial oliiriatc for a pai*t of tlio year. 
Northwestern India, known as the Punjab, or Pivtv-river district, nuuiifcHts ‘ 
this succession of seasons with much distiuctnoss, as apj)oars from tlio follow- 
ing abstract from on account by a rosidoiit : Proiu A]iril to ffuiio, tluuc is 
little or no rain ; the west wind blows from the doscits of the lower Indus 
with a desioating, scorching heat, as if from a funuice. The tlicrmomctiu* in 
the shade may rise above 120®. Tlie nights arc relatively cool, (Uid tlion the 
houses are opened for ventilation. It is only in the wirly morning that an 
enjoyable air is found for exercise. During the day-time, the limisoH should bo 
kept closed. Vegetation withers ; the grass seems burnt to tlie rocits ; the 
ground is hard and cracked. Before the wet Hoasoii opens, tho wimls wenJeem 
and the boat seems even iiiorc severe than befnn^ In the 1at(U' summer, the 
rains come as cyeloiiie storms of incrmiHing iiikmsity, yielding a i>lnntiful 
rainfall over much oF the c-onntiy. TreoH burst into leal' a siMWiud tiim^ ; tho 
gross sx>rings up and a vegetation is soon devolojxul that can bo scanudy kei)t 
within iKDUiids. The bre^aks in the mins are opiinmsively liot and sultry j and 
for a time afttu* the rainy season elost^s, the heat and dainjiiiesH are exectssivo, 
making September the inimt unhealthy month of tlm yi^ar. In Oetober, tho 
northerly winds set in stesulily, clearing tlni Hki(m ; the t(mi|j(^rature is then 
pleasant, and by the end of the year tlie nights IxHumie eold. Itaiii falls 
in moderate*, amount from eyedemic stornis whiedi move ejistward, bringing cold 
northerly winds aFtm* them, as if they belonged to the ]m»eeHsic)n of Htorms in 
the temperate^ zone; thus Hngg(*sting that iiortlnum India, wliiedi is so truly 
ti'opical ill its liot and wi^t se^ason, pai*tak<^H of the featureH of tln^ temperate 
zone in winter. In Kediruary, there is a slioid; spring, tempting a growth of 
vegetation; but tliis is followed by a rapid iiierease of temperature, luid tho 
hot seasoii is again at Iiand. 

Two subordinate* divisions of the torrid zone nmiain to be mentioned; tlio 
litoral and the mountain (dimab^s. The torrid coasts aro generally well- 
watered, and tlndr diurnal t(*nii)(*rature is mcxiilicul by t\u\ sea bre(*ze, Wesbu'u 
coasts in trade wind hititinh'S form exeeptioiis to this rule, us tiny are lire- 
voilingly barren ; but from this exe.eptien tlmre is again a dcqiartunj in tho 
Indian monsoon n^gion, wh(»rii tho western c, ousts are botbir watered tluui 
the eastern e.oastH. 

The mountain (diniate of tlie torrid zoim is tomporod by altitude. In 
equatorial Afrie.a, mountain pmiks osexmd civon higli enough to hold snow tho 
year round ; in rising from tliu torrid forests around tlio mountain hoso, one 
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may paas tlirougli suooessiye zones of vegetation nntil the cold of the upper air 
prevents qU plant life. In Ceylon, the highest mountain bears certain plants 
like those of England, while the lowlands exhibit the greatest tropical luzuid- 
ance. On the plateau of southern India, 6,000 or 7,000 feet above sea level, 
the days ore warm and the nights cool, but the mean temperature is moderate 
all the year round j even in the wet season the rainfall is not excessive, os the 
higher hills to the west receive the greater port of it. “Many an old Anglo- 
Indian, whom choice or necessity has led to fix his home in India, has foiuul in 
these hills scenery as beautiful and a climate as enjoyable as any in the most 
favoured lands of the Mediterranean shores.^’ The rainfall of the highlands 
also departs from the rule of the lowlands ; for mountains often provoke pre- 
cipitation that might not otherwise occur. Thus the higlilands of Brazil 
cause the growth of many a cloud from which the rain-traU drifts across the 
adjacent valleys ; in the absence of the mountains, the dryness of the interior 
plains would extend closer to the coast. Even the barren desert of the Sahara 
contains mountains that cause sufficienk rainfall to support forests, and yield 
streams that wither as they descend to the lower country. The bountiful 
rainfall of the Midayaa islands is due chiefly to their combination of equa- 
torial, litoral and mountainous conditions. Their accessibility and their i)ro- 
ductiveness destine them to play an important port in the higher development 
of the world. 

338. The transitional sub-^oplcal areas between the torrid and temperate 
zones are of much greater importance in certain longitudes than in others. 
On the lands around the Mediterranean, on the middle western coasts of North 
and South America, along the southern coast of Australia, and in South 
Africa, their characteristic features are distinctly brought out in the dryness 
and warmth of the nearly continuous fair weather of the summers, and in the 
cloudiness and fair supply of rainfall that come with the more stormy weather 
of the winters. These areas, at one season dominated by the inflow at the 
source of the trade winds, at another by the stormy winds of the temperate 
zone, sltemately associate themselves with the zones that they adjoin. They 
are for enough from the equator to avoid the excessive heats of the torrid 
zone j and their situation with respect to land and sea prevents their invasion 
by the low temperatures of higher latitudes. 

The climate of these areas is among the most delightful of the world. The 
attractions of the health resorts of the Mediterranean have long boon well 
known. The equally delightful climate of southern California 1ms in recent 
years gained a deserved appreciation in this country. Although in the same 
latitude as our middle Atlantic coast, it has none of our hot or cold waves ; its 
sMes are prevailingly clear, and even in its winter wet season, its rains are 
light. In regularity of succession of diurnal features, and in constancy of 
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mean temperatures through the year, it rivals the greater part of the torrid 
lands. 

It does not appear advisable to continue the sub-tropical areas around 
the world. On the oceans, they may foUow the belt of high pressures, in 
which the winds ore weaJt, the skies prevailingly clear, and the air fresh. But 
the continental interiors on these latitudes possess seasonal variations so 
strong that they should l)e associated with the temperate zone ; and the eastern 
coasts, even nearer the equator than the sub-tropical areas of the western 
coasts, are more naturally associated with the land areas on their polar and 
western sides. Their annual range of temperature exceeds tliat of the 
tempered western coasts ; their rainfall occurs in summer ■ rather than in 
winter, like that of the interiors. Thus Florida, l^ng five degrees south 
of southern California, will bo grouped with the temperate zone, which widens 
eastward in crossing the continents, rather than with the sub-tropical areas, 
whicli widen in crossing the seas. Southern China, near the middle latitude 
of the Sahara, will ho grouped in the same way. 

334. The south temperate zone. The temperate zones of the two 
hemispheres oi'o so unlike tliat they must be described separately. The gi’eat 
water zone of the southoru homisjdiere will suffloieutly represent the smaller 
northern ocean aroiis ; the hrotul northern ooiitiiients will exaggerate the 
climatic featunia of tho restricted southern ishuitls. The southern temi)erate 
zone, lying bi^yoiid tho axis of the tropical high proasm*e belt, is chiefly 
an otjcan zoiu'. It is oluiraetorized by prevailingly stormy westerly winds, 
prevailingly low temi)eratiire, and frecpieiit (doiidiiiess and precipitation, 
rather than hy tli(\ sojisonal variation of thoao olemontH. Owing to the absence 
of land barriers, the southeni ocean c.urrontH wheel romid and round their 
polar Ciontor, with b^w ])ronounc.ed north or south dotttictions, siicli os occur in 
tho corresponding latitudes of our hcinisjdmrc ; hciKio the soutliorn temperate 
zone is of oxtnw)rdinarily unirorni features all around its circuit. lu spite of 
the strong variation of insolation with the southing luul northing of the sun, 
the range of mean monthly tem])craturcH from Janiuuy to iFuly is hardly 
greater than at many ])arts of tln^ torrid oceans ; so effective is the conservative 
action of the (xu^an waters, and of the fogs and clouds \yy which they are so 
generally shiehhxl ; but wint(n* is the season of stronger winds and heavier 
precipitation. In those mon^ dcitaihul oliimitio elements, which taie account 
of the monthly and inter-diurnal ranges of temperature, there is a groat 
dilToreiioe bcitwiuni tlm torrid and thi^ south temi)erato zones, because the 
former is oontrollod so largely by diurnal procosses, and the latter is so 
completely in tho hands of oyolonie processes, os has been stated in the 
chapter on weather. The few land areas that interrupt the south tem]mrate 
ocean zone are most inhofli)ital)lc ; not that their winters are exceptionally 
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coldj for they know nothing of the extremely low temperatui'es of northern 
continental interiors of corresponding, or even of lower latitudes ; but that 
their chilling summers are so little warmer than their winters. The tempera- 
ture finds its summer Tnii.TiTn5i. about 40® and 60®. Snows are not uncommon 
even in January or !February, when the weather should be mildest. There is 
therefore no mild season in which provision may be mode for the remainder of 
the year, as there nought be if the lands were larger. When the uninliabited 
island of South Georgia, with glaciers descending into tlie sea, is compared 
with middle England, to which it corresponds in latitude, the contrast is 
renoLarkable ; but this is more because of the exceptionally favorable condition 
of England in the north temperate zone than of the peculiar quality of the 
South Georgian climate in the south temperate zone. 

336* The north temperate zone is the great land zone of the world. It is 
of particular importance as the chief seat of modern civilization. Its oceans 
need little consideration, as they repeat the features . of the soutli temperate 
zone, modified by on approach to the land climate on the western side of the 
oceans, and by the diverse courses of the ocean currents, especially on the 
eastern side of the oceans. On the brood northern lands, the variation of the 
seasons and the inconstancy of the weather become the dominating uliuiatio 
features; and annual averages, which almost suffice to define the climate of the 
torrid oceans, are very misleading. The actual temperatures of the year reside 
longer near the temperatures of the hottest or coldest iuo;ith than near tlie 
annual mean; hence the hot and cold seasons are strongly separated by 
relatively short warming and cooling seasons. The interior of the lands will 
be first considered. Western Europe and the eastern United States, standing 
in different relations to their continental centers, will be then t*ik(Ui as typ(^s 
of leeward and windward coastal areas. 

The southern portion of the continental interiors attain tnily torrid heats 
in their summer season ; Arizona and Persia rival the Sahara in having iiioaii 
temperatures for July above 90®. Their lowlands ore deserts; their scanty 
rabifl come chiefly from showers that begin on tlie neighboring inoiintainH, or 
from violent thunder storms that deliver a whole season’s precijiibition in a 
few hours. Their winters are cool, with a January mean of about 60®, and 
minimum often down to freezing. The northern part of the int odors have 
warm summers, with a July mean of about 60®; but toward the Arctic border 
they are extremely cold in the winter season, when the Jonuaiy mean over 
large districts is as low as —20®; while in a limited district in nortlieastcrn 
Siberia it sinks below — 40® or — 60® ; and in the associated margin of the 
frigid zone, at the town of Verkoyansk, even to — CO®. In these luird frozen 
regions, the underground temperature remains below the freezing i)oint the 
year round, trees are stunted or absent, and crops grow only in the surface 
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layer of soil that melts under the sunshine of long summer days. Oyer the 
greater paii: of these extended land aroas, the rainfall haa a more or less 
distinct max irrmm in summer; in the far interiors^ the "winter snowfall is 
moderate in spite of the severe cold. 

A large interior area of North America^ atrotcliiiig from Missouri northward 
past Winnipeg and eastward beyond tho Great Lakes, possesses in a marked 
degree the variable features of this so-called temperate climate. The summers 
ore warm, with spells of extreme heat often broken by dostruotivo local storms 
from which tho greater ])art of the rainfall is obtained ; tho winters are cold, 
with times of excessively low temperature, brought by stonny winds that cause 
rapid ohouges from one extreme to anotheu* ; vast hoods of freezing air from 
bhe north are the scourge of tho wiiitt^r, as tho violent loonl storms aro of the 
Bummer. Land regions with a olimate siieli as this Imve little aasooiatiou with 
bhe south tem[)erate ooean zone and its eompiiratively oqiuible and regular 
bhough rough olimatio features. Tho northoni laud interiors con hardly ho 
3lassed with tlie narrower oceans betwecui tlnun. In the ])roB(Uieo of tlioso 
:egion8 of extremes, 8ej)arated by oceans of redativdy nqiiable climate, mid 
mrepresented in the soutlK'rn homisidiero, the effort to divide tlm eaiili 
nto symmotri(?al climatic zones bounded by latitude lines can harilly be 
mcomplislied. 

336, The coasts of the north temperate zone. Tho extreme, coutinoutal 
)r interior olimatos, as they an^ variously called, of the interior lands in tho 
lorth temperate zone ar(‘. strongly (‘.ontraHtetl with the relatively e(piablo 
diiuate of the wi^stern coastal laiuls in middle latitudes, jiartiiuilarly with 
hat of tlio favored westcu’ii (loast of Eiiropi’i, as illustnitiul in Fig. 18. There, 
m tho same latitude with interiors having a iJaniiary mean teni])craturo of 
-10° or —20°, the eosist of Frances and tlio llritish Isles enjoy a mean of 40° 
»r r>0°; and in sumnu^r when the interiors have tJuly lueaiis of 70° or 80°, tho 
avorod coast rises only to 00° or 70°. Like tb(» teniperat<» (XHuins whieh they 
.djoin, tiuur wiiitiu’s are wetter than their summers; but tliey do not sulfer 
rum poriodicuil drouglits,like the sul>-tro]>ie4il wi^stern coasts nearer the equator. 
?lio air is damp, with much eloudiness, especially in winter. In moderation 
f mean aimiial tein p(u*atiire range, the wnsttu'ii c.(>ast of Euro])e, and to a 
oiuGwhat less (hignui the wesbu'u ooast of North Anujrica, vio witli a groat 
•art of the torrid zone ; although the daily icuiipm'abiircH from whiclx the 
loathly iiKtaiiH are ('oinpiitiul c.xhibit variations iiuieh greater on temperate 
oasts than in torrid latitudes, on mu^ouut of the eyclnnie fluctuations of 
lie west(M’ly winds. Inland from tlui o|)(*ii and irregular coast of western 
luropo, this mild c.limatc^ gradually nicrgos across the lowlands into tlie more 
avers climate of tlu^ int(U’i(n* ; tho temperatures vary over a gi'oator range ; the 
linfttll for a time is nearly e(]uably distributed over the year, and then takes 
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on a BTumner rntgimiuii ; the frequent cloudiness and high humidity of the 
coast is exchanged for dearer skies and drier air. A similar change is found 
in passing eastward from our Faoiho coast, but here it is made abruptly. On 
crossing the lofty mountains which here lie so little distance inland, we enter 
at once on the extreme climate of the interior ; the torrid heat of Arizona 
and the extreme cold of the Mackenzie basin with its excessive annual range 
lying only a few hundred miles from the mild litoral belt by the ocean. 

The eastern coasts of the temperate continents, represented by our Atlantic 
seaboard and that of eastern Canada, might be dassihed with the interiors, 
from which they derive so many of their climatic features ; but for the purpose 
of emphasizing their contrasts with the western coasts, they are here given 
a special paragraph. They partake of the strong temperature ranges, both 
annual and cydonic, that characterize the interiors, because the general drift 
of the winds is here from land to sea. TSot only so; the seasonal shifts of 
the winds (Sect. 166) here intensify the seasonal variations of temperature f 
in summer, the prevailing winds are from the ove3>warm southwest lands ; in 
winter, from the over-cold northwest lands. In this, they are reversed from 
the relations obtaining on the western coasts ; the summer winds there come 
prevailingly from the little-warmed northern seas ; and the winter winds from 
the little-cooled seas of lower latitudes. The rainfall is generally well dis- 
tributed through the year along our eastern coast ; but on the corresponding 
coast of China, the winters ire relativdy dry, and the rains of summer ai‘e in 
the control of the southerly monsoon. 

One of the distinot peculiarities of the climate of our eastern temiierate 
coasts is its rapid increase of severity poleward. In spite of a strong range 
of temperature, our southern Atlantic coast must be included among the better 
favored regions of the world ; but in passing northward, over a latitude range no 
more than that from Morocco to Scotland, we pass from Carolina to Labrador ; 
and there, opposite to the mild climate of G-reat Britain, we find inhospitable 
shores around a forbidding interior; England, a land of mild and genial 
climate, in which so small a river as the Thames is only exceptionally frozen 
over; Labrador, on almost uninhabitable region, with a January mean but 
little over zero, swept over by harsh winds from a vast snow-covered interior. 
When this striking contrast was first recognized two hundred years ago, it so 
strongly impressed Halley, the eminent English astronomer of that time, that 
he thought the cold of northeastern America resulted from the North Pole 
once having occupied that part of the eorth^s surface. 

The contrasts thus presented on an east and west line in middle temperate 
latitudes deserve especial attention, and again serve to illustrate the diificulty 
of fitting any simple system of climatic zones to the complications of nature. 
The latitude circle of 60° N, in summer or winter, traverses regions so dissimilar 
that to include them all under a single zone would defeat the object of this 



OLIMATB. 


34a 


chapter. Beginning on the ec[uable Atlantic waters, the circle enters middle 
Europe where tlic history of the last thousand years has witnessed the greatest 
progress that the world has ever seen. It crosses the broad deserts of central 
Asia, where the monotonous extent of too much land, too far from the vapoiv 
yielding seas, degrades its inhabitants, and holds them close down to barbarism. 
Emerging on tlie racific coast, it finds the more populous cotmtries to the 
south, its own climate being too harsh for easy occupation. After crossing 
the broad and equable northern Pacific, it traverses tlie naiTow belt of tempered 
and moist climate in British Coliunbia, and then beyond a rugged mountain 
region, with many snowy peaks, it discovers the severe interior climate of the 
Saskatchewan, and the Hi)arBoly settled district between our Grreat Lakes and 
Hudson’s Bay. On the desolate Labrador coast, the better favored climate 
and populous regions oi’e again found to lie further to the south. As for as 
habitability is concerned, tliis middle temperate belt contains dimatio variations- 
almost 08 great as are encountered in passing from the equator to the pole. 

337. The mountain climate of the temperate zone is marked by an 
increased iiitcniaity of insolation, a decrease of temperature and an increase, 
up to certain altitiid(*H, of pr(uii])itation similar to tluit already described for 
the torrid zoni^. Asc-cuidiiig from the dry Bul)-tropioal lowhinds of southern 
California, one soon leaves the orang^^ groves, i)nHBeH up the slopes of the 
Sierra Nevtwla tliroiigh fon^sts at Hrst diU'.iduouH, but in wliieli coniferous trees 
rapidly inenuise in iiuinborH, and at hwt alM)ve th(» ti*ee-lino, snow-fields ore 
found on the higlu^r ixMiks that last through- the year from tlie heavy fall of 
winter. 'Phe lofty plateaus of Arizona luid southern Utah rise above desert- 
valleys and Ix^ar abundant forests, Hui)])()rt(ul by a sufiieient rainfall; one of 
the ])hit(uius is wtdl named tli(» A(|uariiLs. The volcaiiio summit of Sim Pron- 
eis(*iO niountiiin in Arix(»na rises to an (devation of 12,800 feet, a mile above 
th(i (h»si‘rt tahh^ land around its foot Well-marked zones of vegetation, 
imduding a Ixdt of luuivy fonwt, liavt^ been reiiognized on its oomcal slopes;; 
they stand ohli<|uely, a little lower on the sluuly northeast than on the sunny 
southwest side. Tlu< uppermost of tlu^se zones, above the tre(^ lino, contains a 
number of Ar(d.i(». |»lan(.H, nine of whie.h are identical with i)lants brought by 
Geni^ral (irinOy from Lady Kranklin Bay, near latitude 82® N. 

Besidcfs thi^sc^ features of rediuxul temperature and increased i^recipitation, 
tlien^ is an iiuu'i^iised windiiu^ss with a nocturnal maximum, and during clear 
wc*atluu’ an sud.ivi^ eva])oratioii, which in ])art compcnsatcid for the frequently 
ine.reascul cloud hums. Tin* mean diurnal and annual ranges of temperature are 
less than on iwljae-eut intcudor lowlands. Lofty idatcaus differ from mountain 
peaks of siinihir altitndis by a ndatively higher temperature, an increased 
range of ttunperaturi^ and a distinct diurnal wind period, with maximum in 
the afternoon. 



OLTMATB. 


846 


pievailmg low temperature ; the sandy and stony deserts of trade wind belts^ 
of areas in tlie lee of lofty mountain ranges and of interior basins, depend on 
the prevailing low humidity. The ocoasionol salt deserts of the world also 
belong in the latter class. In milder and moister climates, all these areas 
might support a plentiful fauna and dora. 

The first essential condition for the support of land plants and after them 
of animals, is the preparation of a covering of soil, formed by the disiutegrar 
tion of the underlying rock ; and there are no known rooks that will not in 
a sufficiently long time weather into a loose iilant-supporting soil. Locally, 
the loosened umterial may be earned away os fast as it is formed, os from the 
rocky slopes o£ mountains and from the ledges of hiliB ; but this is exceptional. 
The second condition is a fitting climate. In too dry a region, the soil may 
be produced, but it lies sterile ; or the finer pai*ts may be blown away, leaving 
a sandy or stony surface, neai'ly or quite barren. In too cold a climate, the 
ground is frozen, snow aooumuhites over it, and nearly {ill life is excluded. 
But where the rainfjill is sufficient, — that is, over 10 or 16 inches a yeai',— 
and wlieiu^ the cold is not excessive, so tliat during {it least a i)art of tlie year 
the ground is melted, and the tempcu'aturo is sufficiently high to encourage 
fiowering ami fruiting, ])laut8 {ind aniimils may survive, th(ur foiins and habits 
being Hi) 0 (U{illy juhipte.d to the unfavorable conditions in which they live. 

From tlume limiting c.onditionH, an incroiising viiriety of life is found witli 
inore{ising warmth {iiul humidity, until the luxuriamjo of the sub-oqiuitoriiil 
bolt is re{udnt(l. It is note woHliy that a moderately warm summer alternating 
with a 8ev(n*e wint(u\ siudi iis occurs in tho nortinu'u continental interiors, is 
much more Tavorabh*. for tlui development of varitul forms of lif(3 thiui the 
eqmihlo hut inhospitable (dinuite of tho remote ishuids in the homidlcss seas 
of tlie south tmnperate zone. Jt is also instnietive to see tluit tho climatic 
conditions most tavonible for man {ire not those of the ecpuitori{il lauds, where 
tho tmnjierature is <niervating {ind where the sujiport of life presents no diffi- 
culty {iiid (mils for little fondbought ; but those of the northern temperate 
zone, wlnu’c^ the rigors of tlie coming winter Reason cull for a thoughtful 
preparation during the i)r(M'.eding summtJr. 

340. Local control of climate. In the chapter on niinfall, mention was 
made of the attfunjits to iiroduce artificial rain; either tcmjiorarily, os by 
extensive fires or by exidosions, or ] ionium ontly, by jdanting trees. Observa- 
tions thus far made do not give emiouragoment to theso jirojoets. On the 
other luind, it luis been proved that of forest amid an open country are 
in a small way oonsinwative in their influenc.o, deoroasing iJie suddenness of 
tho changes that take ])lac(3 {ibout thorn. The rain tliat falls does not run 
away so quickly, {ind tlierefore not only provides a better supply for the steady 
running of strc{unH, hut also doorcases the loss of soil by surftioe washing. 
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prevailiiig low temperature ; the sandy and stony deserts of trade wind belts^ 
of areas in tlie lee of lofty mountain ranges and of interior basins, depend on 
the prevailing low humidity. The occasional salt deserts of the world also 
belong in the latter class. In milder and moister climates, all these areas 
might support a plentiful fauna and flora. 

The first essential condition for the support of land plants and after them 
of animals, is the preparation of a covering of soil, formed by the disiutegrar 
tion of the underlying rock ; and there are no known rocks that will not in 
a sufficiently long time weather into a loose iilant-supporting soil. Locally, 
the loosened umterial may be earned away os fast os it is formed, os from the 
rocky slopes of mountains and from the ledges of hills ; but this is exceptional. 
The second condition is a fitting climate. In too dry a region, tho soil may 
be produced, biit it lies sterile ; or the finer paints may be blown away, leaving 
a sandy or stony surface, ueaidy or quite barren. In too cold a climate, the 
ground is frozen, snow aooumuhites over it, and nearly jvll life is excluded. 
But where the rainfall is sufficient, — that is, over 10 or 16 inches a yeai',— 
and wlieri^ tho cold is not excessive, so tliat during at loiist a port of the year 
the ground is melted, and tho temperature is suffieiently high to encourage 
flowering ami fruiting, jdants and animals may survive, tluur forms and habits 
being Hi)e(ually adapt(‘.d to tho nnfavorablo conditions in which they live. 

From tlu^He limiting c.oiulitioiiH, an increasing variety of life is found witli 
increasing warmth and humidity, until the luxurhuKio of tho sub-eqiuitorial 
bolt is reaclutd. It is notewoithy that a moderately warm summer alternating 
with a Bev(u*e wintcu*, such as oooiirs in tho nortlnu*u continental interiors, is 
much more I'avoraldi^ for the development of varied forms of lif(3 thtui the 
equable but inhospitable (dimate of the remote ishuids in the bouudloss seas 
of tlie south buiiperate zom^ Jt is also instiiietive to see that the climatic 
conditions most favorable for man are not those of the eqimtorhil lands, where 
tho temperature is cuiervatiug and where the support of lif(^ presents no diffi- 
culty and (ialls for little fon^thought ; but those of the northern temperate 
zone, wh(U’(^ tlui rigors of tlu^ eoming winter season call for a thoughtful 
preparation during t\w i»r(«*.eding summcjr. 

340. Local control of climate. In the chapter ou rainfall, mention was 
nuule of tlie attemjits to produce artificial rain; either temjwrarily, os by 
extensive linm or by explosions, or ])onuanently, by ])lanting trees. Observa- 
tions thus far made do nob give encouragement to theso projects. On the 
other hand, it has been jirovod that areas of forest amid an open ooimtry are 
in a small way conservative in their influenco, dcorcasing tlie suddenness of 
the changes that take ])lac(^ about them. Tho rain tliat falls does not run 
away so quinkly, and therefore not only provides a better supply for the steady 
running of stroiuns, but also doorcases the loss of soil by surfooe washing. 
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The yariationfi of tempeiature in the forest air and in the soil beneath are 
less than iji the sunotinding distriot. In mountainous regions, the presence 
of forests is important in restraining floods and in holding the soil on the 
slopes ; but in our western semi-arid plains, it is doubtful if even these 
indirect climatic conditions will be seriously affected by any possible tree 
planting; much less will the amount of rainfall be changed. The more general 
movements of the lower atmosphere, on which temperature and rainfall so 
largely depend, are practically unchanged by so slight a thing as a forest 
covering. 

341. Periodic variations of climate. It is a popular notion that our oUmate 
is ohanging. The winters, for example, are often said to he less severe than 
when old men were boys ; or the QuLf Stream is thought to shift its course and 
thereby affect the climate on onr eastern coast. These errors arise in the first 
place horn the natural exaggeration of past events, and from the disposition to 
forget facts of ordinary value and dwell on exceptional occurrences ; and in 
the second place from a certain credulity regarding unseen and remote processes. 
While it is well known that the oourse of the Gulf Stream varies by small 
amounts and for short periods, it is also well known that its average course 
dei)eudB on long-lived controls, such aa the shape of the ocean basin and the 
sti'ength of the general winds ; the latter in turn depends on sunshine, and 
there is no reason to think that either the ocean basins or the strength of 
sniishine fluctuate to the extent implied in popular beliefs. Eeoords of ram- 
fall aud temperature maintained for the longest series of years do not confirm 
the common ideas regarding our winters. The averages for decades in the 
early part of the century are essentially equal to those now obtained. If 
slight differences appear, it is much more likely that they axe due to changes 
in the instruments used, or iu their surroundings, as by the growth of trees, or 
the building of houses, or to changes in the residence of the observers, than 
that they are due to actual changes in terrestrial or non-terrestrial controls of 
climate. It is true that slight fluctuations of rainfall and temperature in 
nearly eleven years, corresponding to the sun-spot cycle, have been made out 
at certain stations for a moderate number of periods ; hut the fluctuations have 
not yet been shown to be general, uniform, and persistent. A longer variation 
is indicated over Europe and in certain other countries in a period of thirty-six 
or thirty-seven years, as shown by Brtlokner's review of all available records 
of dry and wet years, high and low stages in rivers, abundant and scanty crops, 
etc. ; hut at least another century will he needed fully to confirm this result and 
to extend it over the world. The middle dates of Bruckner’s periods of slightly 
greater rainfall and lower temperature are 1671-76, 1696-1700, 1741-45, 
1766-70, 1816-20, 1851-66, 1880 ; and of less rainfadl and higher temperature, 
1681-86, 1726-30, 1766-GO, 1786-90, 1820-30, 1861-66. One of the most 
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interesting indications of this thirly-six year period is found in the variation 
in the lengths of Swiss glaciers ; the periods of extension being 1760-86, 
1811-22, 1840-66, 1880- ; and the periods of retreat being 1760-67, 1800-12, 
1822-44, 1866-80. It is found that the shorter glaciers are the first to feel 
the change in their upper snow supply, and to lengthen or shorten accordingly ; 
hence all tlie glaciers of the Alps are not retreating and advancing at the same 
time. Yet for a few years, the longest and the shortest advance or retreat 
together ; thus from 1816 to 1818, all the Alpine glaciers were advancing ; 
from 1822 to 1826, all were retreating ; from 1848 to 1860, all were advancing 
again ; about 1876, all were retreating ; and now another general advance is 
approaching. 

342. Secular variation of climate. Ancient historic records around the 
Mediterranean Sea have been accepted by special students of this question as 
indicating a general decrease of rainfall there in the last three thousand years. 
In northern Africa, the remains of cities imply a greater population than can 
now exist in tliat desert region; ruins of aqueducts and irrigating canals ore 
found in distiicts where tlicro are now no sufficient streams to supply tliem; 
ancient records mention the presence of certain animals there, from which a 
less arid climate than the present would be infeiTed. Some would ascribe this 
climatic change to the ancient destruction of forests ; but there is no direct 
evidence of the cxistemeo or the destruction of forests along the northern coasts 
of Africa ; if they once grew tliere and were destroyed by man, it is quite as 
reasonable to suppose tliat tliey were then dwindling away and could not 
naturally restore tlieir growth under m increasingly unfavorable climate, as to 
believe that the change of climate was entirely due to their destruction. 

343. Geological changes of climate. On passing from ancient historic 
records back to recent geological records, abundant evidence is obtained of 
climatic changes. Jn pleistocene time, .that division of the geological scale 
next preceding the present, the northwestern part of Europe, the northeastern 
part of North America, and (uutain other regions of less extent, were covered 
with ice, much as Urconhmd is to-day; and many interior basins where on 
arid climate now jirevails were then flooded with broad lakes. This seems 
to have luipiiened not only once, but repeatedly; the records appearing to 
be more (ioni])licatcd the more closely they ore studied. While it is not 
certain that tlm hwnistrino conditions of the interior basins were coincident 
witli the glaciation of North America and Europe, it is highly probable that 
such was t\w casc^ ; and that the climate then prevailing was somewhat colder 
than now; thus increasing the length of the cold season when snow might 
accumulate, d(?orcaHing the season when it would be melted, and diminishing 
the ratio of eva])oration to rainfall in the now arid basins. 
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The oauaes of the pleistooene climatio yariations have been sought in a 
change in the altitude of land masses with respect to sea level, in a change in 
the Bun^s heat, in a change in the form of the earth’s orbit, and in various 
other conditions; but no general agreement is yet reached regarding them. 
The changes in the cdtitude of the land would manifestly induce an increase of 
snowfall ; but it does not appear from other evidence that the glaciated regions 
were highen. when the ice accumulated on them than they are now. The vari- 
ation in thj^i^a^i;jli!%f the earth’s orbit is regarded by many students as the most 
efEeotive control of pleistooene climatio changes, and if such is the fact, similar 
changes should have been of repeated occurrence in the geological past. The 
variations referred to are an increase in the eccentricity of the orbit, whereby 
the inequality of the periods between the equinoxes (Sect. 27) may be 
increased ; and a slow change in the date of the equinoxes, whereby first one 
hemisphere and then the other would have its winter in aphelion. At present, 
the eccentricity is moderate ; and the northern or land hemisphere has its 
winter in perihelion. If at a time of great eccentricity, the northern hemi- 
sphere should have its winter in aphelion, it is possible that the accumulation 
of snow and ice during so long and severe a season might not be consumed 
in the rdatively short but hot summer ; thus snow and ice would accumulate, 
until aetronomioal changes brought back milder conditions. ‘ All this subject is 
one that still needs extended investigation. 

In more remote geological ages, various climatic changes are indicated. 
Coal beds were formed in Greenland ; forests grew in the deserts of Arizona 
and Egypt, ioe-bome boulders were carried into the sea in which the chalk 
of England was formed. These and similar changes are presumably to be 
explained in great part by changes in the distribution and form of the land 
areas, and consequent changes in the course of the winds and the ocean 
OTirrents ; as well as by astionomioal changes of the kind jnst mentioned. 
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tracks, 186, 101, 210, 

211, 226, 220. 

tropical, 184r-210, 226, 

206, 270. 

winds, 186-100, 216, 227- 

247. 

weather, 186, 216, 227- 

280, 811, 316-810. 

Dampier, 813. 

Deflective force of earth’s ro- 
tation, 101, 102, 106, 100. 
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Deflective force, experiment, 
100-108. 

In oyoloncfl, 107, 108, 

207, 200, 216. 

in land and sea broozea, 

136. 

in monBoone, 122, 120. 

in planetary clrcidation, 

116, 110. 

in toniadoos, 277. 

Doaorlfl, 41, 144, 146, 162, 160, 
232, 241, 266, 201, 804, 344, 
347. 

In trade vrindii, 208, 200, 

830, 338. 

in westerly winds, 301, 

302. 

Dew, 140, 164-167, 320. 

Dew-point, l*t0, 148, 164, 108, 
230, 240. 

Diathermaiice, 23, 146. 

DiJIraotion, 46, 40, 100. 

DUfuBion, 141, 144, 160, 178. 

DoldruiuH, 100, 117, 270, 8iW. 

and oycloiKiH, 1H6, 102- 

104, 107-1 m), 216, 226. 

humidity of, 144, 160- 

162. 

migration n£, 121, 102, 

104, 100, 

rainfall, 200, 207, .‘MKJ- 

iK)6. 

weather, 312, 313. 

DovO, II. W,, 112, IH7, 241. 

Dry fog, 160. 

Duflt, 7, 20, 47, 160, 108, JiiKl. 

Duflt HtoruiH, 266, 260. 

Earth, dimeimlonH, 10. 

intermU heat, 16. 

orbit, 10, .‘VIH. 

shatlow, 61. 

EoliiiHo windH, 1 13. 

Eddy in atmoHidioro, 100, 116, 

210 , 221 . 

in water, 100, 107. 

Hue Vortex. 

Eiffel tower, IMl, i:W. 

Eloctrielty, 206, 200, 270. 
BUot, J., 106. 


Equinox,' 20, 102. 

KHi)y, J. P., 183, 102, 241. 
Evaporation, 20, 31, 140, 170, 
333. 

amount, 140, 147. 

in descending currents, 

107. 

Expansion of air, 11, 87-80, 
103, 100. 

Eye of storm, 186, 180, 103, 
202-206, 200, 214. 

Eorrol W., lil, ia3, 104, 200, 
208, 277. 

Festoon clouds, 178, 248-260. 
Floods, 202, 203, 304. 

Foehn, 280, 288, 248, 240. 
Fogs, 28, 140, 168, 161, 170, 
178, 240, 880. 

Forests, 204, 206, 346. 
Foue.ault'H experiment, 102. 
Fracto-cmnulus, 178. 

Franklin, B., 200, 270. 

Frost, 27, 140, 164, 160, 101, 
3J)3. 

I prediction of, 167. 

protection from, 168. 

Funnel cloud, 271, 270-281. 

(laltoii, F., 210. 

(loses, 4, 10. 

(leneral winds, 120, 130. 
Ooosphoro, 0. 

Ghuders, 204, 3-17. 

Glows, sunrise and siuiset, 62. 
Gradient, barometric, 80, tK), 
too, 104, 121, 210, 322, 323. 

in cyclones, 205. 

deflection of -whid 

fn)m, 100. 

gravity on, 00. 

hi ploiiotaty olnm- 

latiuii, 80. 

tomperatnru, 322, 323. 

adlabutio, i}8, 40, 

1(16, 108, 230. 

poleward, 06, 00, 71 , 

121, 163, 204. 

vertical, 27, 37, 102, 

108, 231, 


Gradient, vertical temperature, 
in anticyclones, 221-224, 
243-240. 

in bora, 238. 

in cold waves, 

286, 230. 

in cyclones, 

221-224. 

iiL foehn, 230- 

241, 

in sUrocoo, 231. 

in thunder 

storms, 268-200. 

in tornadoes, 

276, 270. 

Gravity, 10, 77, 00, 100. 
Greely, Gen. A. W., 820. 

Gulf Stream, 08, 00, 212, 230, 
206, 284, 840. 

Hadley, J., 102, 103. 

Hail, 164, 260, 262, 254, 201, 
280, 287. 

Halley. E., 102. 

Halo, 100, 178, 186. 

Hann, l*rof. J., ili, 04, 220, 
223, 241, 304, 807. 
Honuattaii, 232. 

Uarrhigton, l*rof. M. W., 820. 
llarvaiil College Observatory, 

00, no, 828. 

Haze, 176, 810, 331. 
llozun, Gen. W. B., 320. 
Ilozon, l»rof. 11. A., 140, 267. 
Heat, by oomprcssloii, 88, 204, 
223, 230, 243, 244, 240. 

ociualor, 04, 06, 71, 100, 

120 . 

nature of, 16. 

sources of, 16. 

of sun, 18. 

unit of, 26, 20, 141, 

Height of atmosphere, 18. 
llollmaim, Dr. G., 188. 
irelm bar, 172. 

Hills, temporatore on, 81, 36, 
167, 168. 

Tllnrlchfl, Prof. G., 261, 820. 
llorso latitudes, 100, 118, 121, 
161, 162, 200, 300. 
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Hot winds, 188, 282, 283. 
Hmnldily, 144, 820, 888. 

absolute, 146, 161, 286. 

in oydonea, 180, 198, 

204, 212. 

distribution, 161, 286. 

relative, 146, 168, 246, 

260. 

Hurricanes, 04, 186, 188, 102, 
108, 220, 248, 827. 

Hutton, J., 174. 

Hydrogen, 8. 

]^drograpliio 0£9oe of TJ.S., 
116, 188, 102. 

Hydrosphere, 0. 

H^grometry, 147. 

Ice Btorms, 281, 204. 

Inertia, 0, 106. 

Insolation, 18, 82. 

action of, 22, 146, 

distribution, 19, 20. 

Instability of atmos^^ere, 30, 
268, 269, 276. 

Inverslonfi of temperature, 84, 
36, 188, 180, 160, 168. 

in anticyclones, 248-246, 

817. 

in siroccos, 231. 

Isobaric charts, 88, 01, 02. 
Isobario lines, 88-01, 212, 822. 
I^bario snifaces, 12, 01, 168. 
in oonvectlonal circula- 
tion, 77, 78, 808. 

in cyctones, 220. 

Isothermal charts, 68, 64, 60, 
884. 

lines, 64-66, 00, 212, 218, 

822. 

Junghuhn, F. W., 818. 
Jupiter, atmo^here, 8. 

winds, 110, 120. 

Ehamsia, 282. 

KOppen, Dr. W., 120, 188, 
262. 

Krahatoa, 68, 86, 110. 

Labrador current, 68, 69. 

Lflhe breeze, 08, 186. 


Land, absorption by, 80. 

range of temperature, 81, 

82. 

Land and sea breezes, 60, 184- 
186, 208, 800, 818, 814. 
Landslide blast, 118. 

Lan^ey, Prol S. F. , 25, 26, 40. 
Latent heat, 20, 140, 141, 166. 

in ascending currents, 

106, 166. 

in cyclones, 100-202, 207, 

216, 228, 226. 

in fodm, 240, 241. 

in thunder storms, 263. 

in tornadoes, 276. 

Law of storms, 180-180. 

Leste, 282. 

Leveche, 282. 

Leverrier, U. J. J., 310, 828. 
Lick Observatory, 96. 

Light, 24, 46. 

Lij^tning, 186, 248, 250, 264, 
260-260. 

Lightning rods, 260. 

Litoral winds, 184, 186. 
Looming, 66. 

Loomis, Prof. £., 210, 226,820. 

Meldrum, C., 104, 196. 
Meteors, 18, 14. 

Mistral, 286. 

Moisture, 140. 

Monsoons, Australian, 127. 

continental, 123. 

Indian, 126, 127, 162, 818, 

886 . 

terreBtrial, 120, 121. 

Moon, 882. 

Mountains, 60, 00, 187, 161, 
172. 

barriers, 161. 

breezes, 187, 188. 

climate, 387, 888, 348. 

frost-work, 161. 

observatories, 06, 07. 

ralnftdl, 287-280. 

shadows, 62. 

thunder storms, 266. 

Mt. Wadiington, 90, 188, 161, 
227, 281, 294. 


Myer, Gen. A. W., 810, 

New Eni^d Motoorologloal 
Society, 60. 

Neutral plane, 70. 

Newton, Prof. H. A., 14. 
Nimbus, 177, 178, 185. 
Nitrogen, 4, 6, 7. 

Noah's ark, 178. 

Norther, 2^, 82(i. 
Northwesters, 248, 265. 

Observations, barometer, 86. 

olomlH, 181, 182. 

rainfall, 280, 200. 

tomporatore, 01, 02, 

thunder storms, 250-252. 

tornadoes, 282, 288. 

weather, 311, ,‘128, 884. 

wind, 08, 07, 08. 

Observatories, 328. 

Blue .Hill, 00, 07, 121, 

170-181, 213, 210. 

Ilai'vard College, 60, IKJ, 

Llok, 00. [328. 

moimtaln, 00, 07. 

Pikes Peak, 60, (Mi, 110, 

246. 

Soiinbliok, 07, 228. 

Orbit of eortli, 10, 42, ,848. 
Oxygen, 4, 6. 

Ozone, 5. 

Pampero, 237, 266. 
Perioyolonio ring, 185, 100, 
208, 206, 210, 2L0. 
Perihelion, 10, 22, 00, ;M8, 
Plddingtun, II., 104. 

Pikes Peak, 62, 00, (Mi, 08, 
110, 246. 

Planetary winds, 114, 20-t, 207. 
Pooy, 105. 

Polar bands, 178. 

Polarization, 48. 

Pressure of atiuoHi)hore, 10, 11, 
18, 02. 

charts of, 88. 

on continents, 81, 82, 02, 

217. 

in conveotlonal circuli^ 

tion, 77-70. 
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Fressare of atonospUere, in 
oyolonoa, 185, 202-205, 200, 
210, 227, 278. 

distribnUon of, 88. 

dlnmal, 86, 185, 812. 

oquatorial, 82, 88, 100, 

120 . 

measuromoiit, 82. 

of ocoou, 12. 

polar, 82, 03, 101, 103, 

110, 111, 120, 180, 163, 204, 

206, 207, 278. 

in tliuiidor storms, 250, 

203, 270. 

in toruodoos, 278. 

tropical, 88, 01, 03, 100, 

101, 111, 114, 121, 204,205, 
330. 

Prevailing westerly winds, 00, 
101, 110, 118, 128, 227. 

desertii, 301, «*102. 

rainfall, 300-303. 

storms, 210, 210, 221, 

224, 225. 

Psycbroniotor, 148, 140. 
IMrga, 237. 

liodlent energy, 17, 42. 
Uodiatlon, from clouds, 174. 

aJr, 20, 173, 174 , 210. 

oarUi, 25, 20, 31, 145, 

157, 158, 170. 

sun, see Insolation. 

Uain, 101, 285-4100, 333. 

and ngrleultuns 202, 203. 

and alUlude, 288, 280. 

artilluial, 205, «'M5. 

— eaUHOS, 285, 2H7, 21KI. 

on continents, 208, 301, 

302. 

in cyclones, 185, 180, IIM), 

IIM), 100, 2(M), 200, 225, 220, 
2;M), 287, 208, 3(M). 

in doldrums, 117, 21MI, 

207. 

dn)i)s, 285. 

e(iuatorlal, 21MI, 207, 3(K), 

:i;i0, 338. 

and forests, 21M, 205, .‘M5. 

hors(» latitinles, 200, .'MM). 

moasui'cmeiit, 280, 200. 


Bain records, 200-202, 833. 

sub-equatorial, 804, 806, 

837. 

sub-tropical, 300, 307. 

hi thunder storms, 260, 

264, 207. 

in trade winds, 207, 208. 

in westerly winds, 300- 

808. 

Balnbow, 250, 200, 881. 

Bain gauge, 280, 200. 

Bange of tomporatore. In air, 
28. 

annual, 74. 

dlumal, 27, SO, 42, 1.34, 

156, 810. 

in land, 81, 32. 

in ocean, 20. 

Rayleigh, Lonl, 48. 

Redliold, W. C., 187, 192, 227. 
Redection, 22, 45. 

Refraction, 50, 100. 

Reid, 8Ir W., 102. 

“ Roaring forties,” 00. 
Rotation of earth, 10, 277. 

see Delloetlou. 

Retch, A. L., 00, .328. 

” Roundnboula,” l.'J5. 

Saturation, 142, 143, 140, 10.3. 
Scattering of light, 40, 48, 50, 
51. 

Schtlek, A., 105. 

Scud, 101, 100. 

Sea brc(izc, 00, RI4-180, 20.3, 
300, 313, 314, ;M37. 

Scenuuin, RiO 
Sendn, 288. 

Sliadow of clouds, 106. 

eartli, 44, 51, 52. 

mountains, 52. 

Silver thaw, 231 , 204. 

Simoom, 2.'M1, 255. 

Slrorro, 2:M)-2:).'J, 2.30, 240, 268, 
273,274, 310. 

Sky, colors of, 43, 48, 40, 150, 
310, .317, .'131. 

Sling thormonioto, 57. 
Smitlisonian Institution, 02,87. 
Smoko, 27, 40, 158, 150. 


Snow, 164, 100, 178, 286, 290, 

203, 204, 803, 317, 838. 
Solano, 2.32. 

Solar constant, 45. 

Solstices, 10, 22, 121. 
Soimbllok, 07, 2^. 

Spootrum, 25, 50. 

Squall, 2.38, 246-262, 265, 202- 

204, 278. 

Squall cloud, 240, 202r^20i. 

St. Elmo’s lire, 208. 

S.tate Weather Services, 57, 
327, 328. 

Snb-equatorial belt, 122, 804, 
805, 880, :I37. 

Sub-iropiotd bdt, 122, 800, 807, 
3.38. 

Sun, 15, 18, 10, 40, 54, 332. 
Sunset and sunrise colors, 48, 
40, 50, 52. 

of 1888-84, 68, 51. 

Sunslibio, 182, 888, 834. 
Sunstrokes, 310. 

Surge, 80. 

Synoptic maps, 187. 

Temi)uratUFe, sec Adiabatic 
changes. 

in nuticyolonos, 218, 220, 

224, 24.3-240, 810, .328. 

hi cyelunes, 180, 108,'204, 

212 , 220 , 22 * 1 - 220 . 

distribution, 04. 

invorHions, In antloy- 

cloiies, 248-240, 817. 

nootumnl, 34, 35, 

1.3H, 130,. 150, 158. 

in slwiocoH, 231. 

mean, 02, 08, .330. 

observationB, 01, 02. 

polar, 76. 

poleward gradionis, 05, 

00, 71, 158, 204. 

range, in air, 28. 

annual, 74. 

inantioyoloneB,248. 

i H cyclones, 810, 

333. 

diurnal, 27, 30, 42, 

134, 155, 310. 
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Temperatrue, range, In land, 
81, 82. 

In ocean, 20. 

leoordB, 61, 8^. 

sea l)reeze, 60, 184. 

sirocco, 280-282. 

In thunder stonns, 260, 

261. 

underground, 82, 88, 888. 

yertloal gradient, 27, 87, 

162, 168, 281. 

Terrestrial *wlndB, 120. 
ThennographB, 68, 60. 
Thennometera, 66. 

hlaok hulb, 61. 

eipoflure, 67. 

TnA.T<TrmTTi p-nH TnfnfmnTn ^ 

60. 

filing, 67. 

Thunder, 249, 264, 268, 260. 
Thunder atonns, 107, 160, 
188, 184, 248-260, 296, 297, 
816. 

find ayolones, 267-261. 

•; oloudfi, 41, 178, 248-260, 

266,262-264. 

convection, 262-261. 

distribution, 264-266. 

In doldrumfl, 117. 

and hall, 287. 

on mountains, 266. 

nocturnal, 264. 

pressure In, 260, 268, 

279. 

progression, 260-262, 261, 

262. 

squalls, 238, 248-262, 

266, 262-204, 278. 

and tornadoes, 278, 276, 

279. 

Tornadoes, 188, 184, 271-284. 

African, 266. 

clouds, 271, 278, 276, 

270-281. 

and cyclones, 278, 274. 

distribution, 273. 

pressure In, 278, 270. 

progression, 281. 

vortex, 276, 277-279. 

Tracy, C., 108. 


Trade winds, 90, 106, 120, 121, 
128, 170, 100, 884. 

doudfl, 170-178. 

deserts, 298, 290, 880, 

888 . 

humidity, 161, 162. 

rains, 297, 298. 

weather, 811, 812. 

Transmlfision, 28, 40, 61. 
Tropics, meteorological, 88. 
Twni^t, 18, 20. 

arch, 44, 61, 260. 

Typhoon, 108. 

Unit of heat, 26, 20, 141. 

Valley breezes, 187, 188. 

fogs, 168. 

temperature, 81, 86, 157. 

and thunder storms, 262. 

Vapor, see Water vapor. 
Veering winds, 186, 227, 229, 
880. 

Vettln, 180. 

Volcanic eruptions, 68, 54. 

winds, 118. 

Vortex, 109, 110, 198, 203, 
218. 

in tornadoes, 278, 276, 

288. 

Warm wave, 280-288. 

Water, 80. 

Waterspout, 272, 288 284. 
Water vapor, absorption, 82, 
146. 

in cyclones, 200. 

distribution, 160. 

efEect on winds, 158. 

pressure, 162. 

welgjit, 141, 148. 

Waves in atmosphere, 171, 
172. 

in storms, 186, 186, 189, 

192. 

Weather, 810-882. 

In antioyolones, 218, 817, 

819.. 

cycles, 882. 

in cyclones, 186, 216, 

227-280, 811, 816-819. 


Weather, diurnal, .011, 816. 

elements, 810. 

frigid, 318. 

maps, 188, 821-824, 828, 

829. 

observations, 811, 818, 

820, 884. 

prediction, 824, 825, 

882. 

proverbs, 829-881. 

signals, ^6-827. 

temperate, 814, 818. 

torrid, 812, 814. 

types, 823. 

Weather Bureau, 67, 62, 288, 
807, 319. 

.Weather Services, 828, 829. 
Wells, C. W., 166. 
Whirlwinds, 80, 41, 169, 201, 
202, 276. 

Winds, In antioyolones, 210. 

Arctic, 120. 

avalanche, 118. 

hacking, 216, 227, 

220 . 

belts, 117, 110. 

circumpolar, 101, 110, 

116, 129, 204, 216, 217, 277, 
278. 

olosslfloation, 112. 

continental, 122, 128, 

163. 

— oonveotional, 77, 100, 
see Cyclones. 

deflection of, 106. 

diurnal variation, 182, 

183, 102, 286. 

eclipse, 118. 

force of, 04. 

general, 129, 180, 187, 

219, 224. 

“hot winds,” 188. 

land slide, 118. 

UtonU, 186, 187. 

migration of, 120, 121. 

mountain and valley, 137, 

188. 

observation, 08, 07, 98. 

planetary, 114, 116, 204, 

207. 



Winds, prevalllng^STefiterly, 00, 
101, 110, 118, 128, 227, 200, 
301, 802, 834. 

terrestrial, 120, 210. 

tidal, 113. 

see Trade winds. 

upper, 106, 110, 218, 

210 . 

veering, 186, 216, 227, 

220, 880. 
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Winds, velocity, 04, 0(i. 

volcanic, 118. 

2onda^ 282. 

Zones, 22, 884. 

frigid, climate, 344. 

storms, 184. 

weatlier, 318. 

temperate, climate, 880- 

848. 
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Zones, temperate, ooosts, 841- 
848. 

storms, 184,208-224, 

weather, 230, 

torrid, 16<i, 168, 106, 100, 

210, 224, 226. 

climate, 886-388. 

storms, 184, 108. 

weatlier, 280, 812- 

814. 
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Descriptive Qeometay 1.215 

Business Book-keeping: Single and Double Entry 1.40 

Single Entry, .00; Double i^try 1.12 

Mensuration - fiO 

Metrical Geometry...... l.(X) 

l.ri0 

l/)0 
.70 
2.00 


Determinants 

Quaternions, 92.00: Analytic Gfeoinetry . 
■ Integral CalculuB- 


Prince: 


Differential and ] 

Geometry for Beginners, 91.00; Lessons In Geometry.. 

Dlrecdonnl Calculus 

Elementary Mathematical Tables. 75 

.no 
.:io 

IM 
.40 


Differentia E^tuations ... 


Page : Fractions, .30 Teacher’s Edition.... 

Peurce (?• Newtonian Potential Function.. 


Peirce (J. M.) : Elements of Logarithms, ,00 ; Mathematic^ Tables.. 


Arithmetic by Grade s : 

Books I.-7nL, each.. 


. , .18 

Teacher’s Manual (X) 

Bunkle : Plane Analytic Geometry 2.00 

Smith : Coordinate Geometry 2.(K) 

^lor : Elements of the Oalculiw 1 .80 

ITobets : College Boqulrements In Algebra. dIO 

Wentworth: Primary Aritbmetla ;«) 

Elemeutaiy Arithmetic. 30 

Grammar School Arlthniollp (U5 

School Algebra. 91-12; Higher Algebra. 1.40 

College Algebra 1.50 

Elements of Algebra, 91-12 ; Complete Algebra 1.40 

Hew Plane Geometry 75 

Hew Plane and Solid Qeomotiy. 1.125 

‘ 1^05 

.80 
.75 
1.25 
1.12 
1.00 


Analytic Geometry. 

Plane Trimnometry and TUbles ., 

Plane ana Spherical Trigonometry 

Trigonometry, Surveylug, and Tables . 


Trigonometry, Bnrveylng, and Havlgatiou 

Wentworth &HII 1 I: High School Arithmetic 

Exercises In Arithmetic, .80; Answors. 10 

Exercises In Algehm, .70; Answers.—. 25 

Exerdses In Geomet^ 70 

JJve-place Log. and Trig, Tables ^ Tables) JiO 

^ Five-place Log. and Trig. Tables (Complete Edition).... l.(K) 

Wentworth, HoLellaa ft Glashan ; Algebmio AniUyals. 1.50 

Wentworth ft Beed ; First Steps In Humber. 


;io 


Wheeler: 


Teacber’sEd., Complete, .IX); Parts I.,'n» and iff.VwwVb, ,;X) 
Plane and Spherical Trigonometry and Tables 1 ,(X) 

Copies seni to Teachers for Ezaminaiion, wUh a view to IntnnXactUm, on 
receipt cf Introductory Price. 


Q-INN & COMPANY, Piiblinlxei'S, 

BOSTOX, NEW YORK, AND OHICA(40. 



BOOKS IN HIGHER ENGLISH, 


Atfrocf.Pruv. 

Alexander: Introduction to Browning 91.00 

Athezuemn FreBs Beries ; 

Cook: Sldn^’B Delonse of Poeny 80 

Gnmmere : Old English Ballads .00 

Schelling: Ben Jonson's Timber 60 

Baker : Plot>Book of Some Ellzabothan Plays 00 

Oook : A First Book In Old English UX) 

Shelley’B Defense of Poetxy AO 

The Art of Poetry 1.12 

Hunt's What is Poetry? AO 

Kewinon'a Aristotle's Poetics SO 

Addison's Orltlclsins on Paradise Lost 1.00 

Bacon's Adyancoment of Learning 00 

Oorson: Primer of English Verso 1.00 

Bmery : Kotos on English Literature . lAO 

BngllidL Literature Pamphleta: Ancient Mariner, .00: First 
Bunker Hill Address, .10; Essay on Lord Clive, 

.10; Second Essay on theEorl of Chatham, .10; 

Burke, L and U. ; Webster, 1. and H. ; Bacon ; 
Wordswortli, 1. and n. ; Coleridge and Bums ; 

Addison and Goldsmith Eacli .10 

Fulton & Troeblood : Practical Elocution ...... Hetall 1.00 

Ohoico Roadliigs, 91*1>0; Chart of Vocal Expression . 2.00 

Collogo Critic's Tablet 00 

Qamett : Engllsli PnMo fnnu Ellzul>oUi to Victoria .... 1.00 

Gbiyley : Olnsslo Mytlis in English Litomtnre 1.00 

Genung: Outllnos of Rliciorlo 1.00 

Elomonts of liliotorlc, $1.20; Itliotorical Aimlysls . 1.12 

Gnmmere : Handbook of Poetics 1.00 

Hudson : Hturvard E<1 1 tion of SliakeHiKiuit^'s Coiupleto Works r — 

20 Vol. Ed. Cloth, retail, 9^).00; Hair-ciilf, ruUill . 00.00 
10 Vol. Ed. CIoUi, relall, $20.00 ; UolT-itnlf, retail . 40.00 
Life, Art , and Clianutters of Hhakospoin'o. 2 vnls. Clotli, 4.00 
Now Hcliool H hiikospcuim. Eatdi play : Papier, .00 ; Cloth, .40 
Text-Book of l^MJtry: ToxUBiMik of Pnwu . .Eudi 1.20 

Ohissical Eiiglisli Keofler l.(X> 

Lockwood: Jjossons In English, $1.12; TlmnatopHlH 10 

Maxoy : Tn\gu<Iy of Hamlet .40 

Minto: Manital of English Pnisu I Jlemturu 1.00 

CharactitrlHtlcH of Phigllsh Poets 1.00 

Newcomer: PnicUeal OourHu in EiigllHli ComiKMltloii HO 

Phelps : English RomanUct Movrineiit 1.00 

ShermoJi : Analytics of Litemturu 1.25 

Smith: Hyno[mlH of English and A morlcan JJLnmluro . . . .80 

Prague: Milton's X^iradiw) 3 xwt and J^ycldns ...... A0 

lliayer: The Best Elizabotbaii Plays 1.25 

Thom: Bliakosiwiro and Chaucer ItxamlnatlonH 1.00 

White : Philosophy of Aiiutrlctan Literature AO 

Whitney : IflHsontialH of English Graiiiniar 75 

Whitney & Lookwood : English Uranimar 70 

Winohester : Five Bliurt Courses of ItotuUug In English Literature, .40 

AND OTHER VALTJABIiH WORHS. 


CINN & COMPANY, Publishers, 

Boston, New York, and Ohloago, 



ASTRONOMY. 

AN UNRIVALLED SERIES OF ASTRONOMICAL TEXT-BOOKS 
FOR SCHOOLS, COLLEGES, AND PRIVATE STUDY. 


YOUNG’S GENERAL ASTRONOMY. 

By 0i A< TOTJBG-i FhiDii Fto&iboz of Aitronomy In Frinoeton OoUegOi 

For Stadexrts of Univarsity Grade. Inttodnction price, ^2.25. 

J. K Rbes, Pr^utor ^ Attrmomyf Colnmita ColkgB, New York : You haTO, 
in my opiziim, in thLi work tke boat book of its cIsm in exiatonoe. 

YOUNG’S ELEMENTS OF ASTRONOMY. 

For Students of High Sdiool, Seminary, and College Grades. 

Introduction price, fi.40. 

G. B. Mebbucah, Prefeenr af Maihemaikt and Axironomy, Ruigert Cdlegw, 
New Brunewick% N.y, : The Elementa of Aattonomy/* by Dr. Young, ia an admi* 
Table textbook in every way — clear, condaa, accurate, and freah. It growa in my eateem 
with ereiy ume I make of it. For a abort oourae in elementary aatronomy, it ia by lar 
tbe beat Ixxik I have ever examined. 

YOUNG’S LESSONS IN ASTRONOMY. 

For those who desire an Astronomy that is sdentiflc but not 
mathematical. Introduction price, I1.20. 

M- W. HARaxMOTON, Pr^eeeor Aeirenemy, and Director ^ Oieertfotory, 
Vninereify qf Michigan : I have been much pleaaed in looking it over, and will take 
pleasure in commending it to achoola consulting me and requiring on aatronomy of 
grade. The whole aeriea of aatronomies lefiecta credit on their HUriwgntfthfnl author, and 
ahowa that be appreciates the needs of the achoola. 

BALL’S STARLAND. 

By BIE BOBJtmT 8i BJLHi, B^yal A of XroiajOLdi 
Fascinating Talks on Astronomy for Young People. 384 pages. 

BluErtrated. Introduction price, fi.oo. 

C. A. Yodko, Pr^feteor Aetrenetny, Princeton CeUege : One of the beat natro- 
nomical books for young people with which I am arg npintiad- 


GINN & COMPANY, Publishers, 

Boston, New York, Chicago, and London. 




